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Summary
Osteoarthritis is the most prevalent joint disorder in the world and is pro-
jected to affect millions more people over the next decades. It is a slowly
progressive disease that primarily affects the articular cartilage and results
in cartilage thinning and eventually cartilage loss, which in turn results
in loss of motion of the joint and an increase in pain. Consequently, as
symptomatic osteoarthritis is one of the main indications for total joint
replacements, the amount of total joint replacements is projected to in-
crease as well. The third most common joint replacement in the world is
total shoulder arthroplasty (TSA). Studies have shown that the annual
growth rate of TSA procedures is 9 - 10 %, which means the amount dou-
bles every 7 to 8 years. Additionally, the amount of needed TSA revisions
grows at a rate of 14 % per year.
An anatomical TSA mimics the anatomy of the shoulder joint and there-
fore consists of a humeral and glenoid component. The former comprises
a stem and a rounded head, mostly made out of titanium or a cobalt-
chromium alloy, while the latter component is a concave socket that is
usually made of ultra high molecular weight polyethylene (UHMWPE).
The golden standard for fixation of the components is by means of a bone
cement, usually a polymethyl methyacrylate (PMMA) resin. Research has
shown that the general complication rate lies somewhere between 10 % and
16 % and about 1/3 of these complications are caused by loosening of the
glenoid component. The reasons for glenoid loosening are multi-factorial
and can be divided in implant-related factors, patient-related factors and
surgeon-related factors. The implant-related factors consist of the im-
plant design, the fixation methods, the material properties and the gleno-
humeral relationship. This thesis focuses on the material properties of the
glenoid component. Although the mechanical properties of UHMWPE are
excellent for its application in a shoulder implant, it remains an inert and
non-polar material. This makes it difficult to adhesively bind the mate-
rial to bone cement and hinders its biological integration into the body
as it has a low affinity for cell adhesion and growth. To overcome these
xix
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issues related to the material’s surface properties, some kind of surface
modification might be appropriate.
Literature shows several options for the surface modification of biomate-
rials, such as traditional chemical methods, UV or X-ray irradiation, heat
treatment or mechanical etching. However, most of these methods suffer
from obvious disadvantages, for instance: long treatment times, use of
solvents, degradation of bulk properties, etc. Plasma treatments on the
other hand are fast, flexible, solvent-free and are limited to the first tens
of nanometers of the material, effectively leaving the bulk properties as
is. This dissertation therefore focuses on non-thermal plasma technology
as a surface modification method, as it circumvents all mentioned disad-
vantages.
Plasma is a partly ionized gas and is defined as a quasi-neutral particle
system in the form of a gaseous mixture of free electrons, ions, radicals
and neutral particles like atoms and molecules and is often defined as the
fourth state of matter. The plasma state can be obtained by exciting
gas into energetic states, and providing enough energy to allow ioniza-
tion. For the treatment of biopolymers, non-thermal plasma is used as its
temperature ranges around or slightly above room temperature. When
a material is subjected to a non-thermal plasma, chemical bonds on its
surface are broken and radicals are created. These radicals will interact
with active species in the plasma or in the surrounding air, thus forming
new chemical functionalities. This is called non-thermal plasma activa-
tion. When a chemical precursor is injected into the plasma, polymer-
ization of the precursor can occur and a coating is formed on the ma-
terial’s surface, effectively changing the surface chemistry. Analogously,
this is called non-thermal plasma polymerization. The literature study
performed for this thesis shows that non-thermal plasma technology is
extensively used for the tuning of the chemical surface characteristics of
biomaterials towards a variety of biological applications. Most research
concerns the incorporation of amines, carboxyls, hydroxyls, SOx(H) and
siloxanes onto the surfaces of biomaterials, in order to enhance their cell
viability or hemocompatibility, to construct a platform for the immobi-
lization of biomolecules or to prevent corrosion damage.
A typical example of a non-thermal plasma discharge is the dielectric bar-
rier discharge (DBD). A DBD can be generated by applying a high voltage
over 2 electrodes, where one or both of the electrodes is covered with a
dielectric barrier, typically glass or another ceramic material. One of the
properties of a DBD is that electrical breakdown occurs in a large number
of short-lived current filaments, also referred to as micro-discharges. The
SUMMARY xxi
first step of this study is to investigate the possibility of using a DBD
plate-to-plate reactor for the surface modification of UHMWPE and the
subsequent improvement of its adhesion to bone cement and osteoblast
cells. Both medium pressure plasma activation and atmospheric pressure
plasma polymerization of methyl methacrylate (MMA) are performed.
The treated surfaces are analyzed with different surface analysis tech-
niques such as XPS, AFM, FTIR and WCA. Afterwards the adhesion
to bone cement is tested by means of pull-out tests, while cell viability
assays and fluorescence imaging is performed to assess the adhesion and
proliferation of MC3T3 osteoblast cells. The results show that plasma
activating an UHMWPE substrate or plasma polymerizing MMA onto
an UHMWPE substrate results in the incorporation of oxygen contain-
ing functionalities and a subsequent increase in surface wettability. This
leads to a significant enhancement of the adhesion between UHMWPE
and bone cement. Additionally, adhesion and proliferation of osteoblast
cells on the surface is also increased after plasma activation and plasma
polymerization.
The use of a plate-to-plate reactor has one big disadvantage: the need
for vacuum equipment, which can often turn out to be quite expensive.
Therefore, as a second step, research is performed to convert the plasma
treatments from a DBD reactor to an atmospheric pressure plasma jet
(APPJ) with a DBD design. This would allow more flexibility to the
process and would eliminate the need for expensive vacuum equipment.
Analyzing the plasma activation of UHMWPE with an argon APPJ, the
results show again that the treatment leads to an increase in oxygen con-
centration on the surface and that increasing the jet’s scanning velocity
leads to higher carbonyl and carboxyl concentrations. Pull-out tests reveal
that the induced surface modifications significantly increase the adhesion
between UHMWPE substrates and PMMA-based bone cement. Addi-
tionally, the pull-out stress depends on the concentration of carbonyl and
carboxyl groups incorporated on the substrate’s surface: a higher carbonyl
and carboxyl group content results in higher adhesion forces between the
substrate and the bone cement. The osteoblast viability and morphology
is also significantly enhanced after plasma activation. Finally, analysis
of calcium phosphate (CaP) formation after immersion of UHMWPE in
simulated body fluid shows that the bioactivity of the substrate is signif-
icantly enhanced as the homogeneity of the CaP deposition is improved
due to the formation of functional groups on the surface.
For the conversion of the plasma polymerization of MMA from a DBD re-
actor to an APPJ, a new jet design is constructed. This conversion is not
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trivial, as the process has to change from direct plasma polymerization to
remote or indirect plasma polymerization. The new design is first tested
by performing static plasma polymerization of MMA and investigating
the effect of the different process parameters on the chemistry and mor-
phology of the deposited coating. Surface characterization shows that the
deposition has a radial gradient in both chemistry and morphology. CFD
modeling proves that the monomer carrying gas flow strongly influences
the gas flow pattern in the afterglow of the APPJ and therefore also the
radial gradient of the deposition. These results are used as a basis for
the scanning plasma polymerization of MMA on UHMWPE substrates
in order to improve the material’s performance in a shoulder implant.
Surface characterization shows that the coating’s characteristics can be
controlled by choosing the appropriate process parameters. The adhe-
sion tests prove that the adhesion between a PMMA bone cement and
the plasma polymerized UHMWPE is significantly improved. However,
the research indicates that the interface where adhesion failure occurs has
a strong influence on the adhesion results. Finally, the cell assays show
again that the MC3T3 osteoblast proliferation and morphology are sig-
nificantly enhanced after plasma polymerization.
From the research in this PhD dissertation, it can be concluded that non-
thermal plasma technology is an excellent tool for the surface modification
of medical grade UHMWPE used in shoulder implants. As both the ad-
hesion to bone cement and the bioactivity of the material’s surface is
significantly enhanced, this technology can assist in resolving the problem
of the loosening of both cemented and uncemented press-fit UHMWPE
glenoid components in shoulder implants.
Samenvatting
-Dutch summary-
Artrose is wereldwijd de meest voorkomende gewrichtsaandoening en zal
naar verwachting in de komende decennia miljoenen meer mensen treffen.
Het is een langzaam progressieve ziekte die primair het gewrichtskraak-
been bëınvloedt en resulteert in dunner kraakbeen en uiteindelijk kraak-
beenverlies, wat resulteert in verlies van beweging van het gewricht en een
toename van pijn. Aangezien symptomatische artrose een van de belan-
grijkste indicaties is voor kunstgewrichten, wordt daarom ook verwacht
dat de totale hoeveelheid geplaatste kunstgewrichten zal toenemen. Het
op twee na meest voorkomende kunstgewricht ter wereld is totale schoud-
erarthroplastiek (TSA), waarbij de schouder vervangen wordt door een
implantaat. Studies hebben aangetoond dat het aantal TSA-procedures
jaarlijks met 9 - 10 % stijgt, wat overeenkomt met een verdubbeling van
het aantal elke 7 tot 8 jaar. Bovendien groeit het aantal nodige TSA-
revisies met 14 % per jaar.
Een anatomische TSA bootst de anatomie van het schoudergewricht na
en bestaat daarom uit 2 onderdelen: een component die de humerus ver-
vangt en een component die het glenöıd vervangt. De eerste bestaat uit
een staaf en een afgeronde kop, meestal gemaakt van titanium of een
kobalt-chroomlegering, terwijl de laatste component een concave houder
is, die gewoonlijk gemaakt is uit polyethyleen met een ultrahoog molecu-
lair gewicht (UHMWPE). De gouden standaard voor fixatie van de compo-
nenten is door middel van een botcement, meestal een polymethylmethy-
acrylaat (PMMA) hars. Onderzoek heeft aangetoond dat de algemene
kans op complicaties ergens tussen 10 % en 16 % ligt, en dat ongeveer
1/3 van deze complicaties veroorzaakt wordt door het loskomen van de
glenöıdcomponent. De redenen voor het loskomen van deze component
zijn multifactorieel en kunnen worden onderverdeeld in implantaatgerela-
teerde factoren, patiëntgerelateerde factoren en aan chirurgie gerelateerde
factoren. De implantaatgerelateerde factoren bestaan uit het implan-
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taatdesign, de fixatiemethoden, de materiaaleigenschappen en de gleno-
humerale relatie. Dit proefschrift richt zich op de materiaaleigenschappen
van de glenöıdcomponent. Hoewel de mechanische materiaaleigenschap-
pen van UHMWPE uitstekend zijn voor de toepassing in een schouder-
implantaat, blijft het een inert en niet-polair materiaal. Dit maakt het
moeilijk om het materiaal adhesief aan botcement te binden en belemmert
de biologische integratie ervan in het lichaam omdat het een lage affiniteit
heeft voor celadhesie en -groei. Om deze problemen met betrekking tot
de oppervlakeigenschappen van het materiaal te verhelpen, kan een soort
oppervlakbehandeling aangewezen zijn.
De relevante literatuur toont verschillende opties voor de oppervlakmod-
ificatie van biomaterialen, zoals traditionele chemische methoden, UV- of
X-stralenbestraling, warmtebehandeling of mechanisch etsen. De meeste
van deze methoden hebben echter duidelijke nadelen, bijvoorbeeld: lange
behandeltijden, gebruik van solventen, degradatie van bulkeigenschappen,
enz. Plasmabehandelingen aan de andere kant zijn snel, flexibel, sol-
ventvrij en beperkt tot de eerste tientallen nanometers van het materiaal,
waardoor de bulkeigenschappen onaangetast blijven. Dit proefschrift richt
zich daarom op niet-thermische plasmatechnologie als een methode voor
oppervlakmodificatie, aangezien het alle genoemde nadelen kan omzeilen.
Plasma is een gedeeltelijk gëıoniseerd gas en wordt gedefinieerd als een
quasi-neutraal deeltjessysteem in de vorm van een gasvormig mengsel
van vrije elektronen, ionen, radicalen en neutrale deeltjes zoals atomen
en moleculen, en wordt vaak gedefinieerd als de vierde aggregatietoes-
tand. De plasmatoestand kan worden verkregen door gas te exciteren en
voldoende energie te verschaffen om ionisatie mogelijk te maken. Voor
de behandeling van biopolymeren wordt niet-thermisch plasma gebruikt
aangezien de gastemperatuur ongeveer of iets boven kamertemperatuur
blijft. Wanneer een materiaal wordt onderworpen aan een niet-thermisch
plasma, worden chemische bindingen op het oppervlak verbroken en rad-
icalen gevormd. Deze radicalen zullen interageren met actieve deeltjes
in het plasma of in de omringende lucht, waardoor nieuwe chemische
functionaliteiten worden gevormd. Dit wordt niet-thermische plasma-
activering van een materiaal genoemd. Wanneer een chemische precur-
sor in het plasma wordt gëınjecteerd, kan polymerisatie van de precursor
plaatsvinden en een coating op het oppervlak van het materiaal worden
gevormd, waardoor de chemie van het oppervlak effectief wordt veranderd.
Analoog wordt dit niet-thermische plasmapolymerisatie genoemd. De lit-
eratuurstudie in dit proefschrift laat zien dat niet-thermische plasmatech-
nologie op grote schaal wordt gebruikt voor het tunen van de chemische
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oppervlakeigenschappen van biomaterialen voor een verschillende biolo-
gische toepassingen. Het meeste onderzoek betreft de incorporatie van
amines, carboxyls, hydroxyls, SOx(H) en siloxanen op de oppervlakken
van biomaterialen, om hun levensvatbaarheid of hemocompatibiliteit van
de cellen te verbeteren, om een platform te bouwen voor de immobilisatie
van biomoleculen of om corrosieschade te voorkomen.
Een typisch voorbeeld van een niet-thermische plasma-ontlading is de
diëlektrische barrière-ontlading (DBD). Een DBD kan worden gegenereerd
door een hoge spanning over 2 elektroden aan te leggen, waarbij één of
beide elektroden bedekt is met een diëlektrische barrière, meestal glas
of een ander keramisch materiaal. Een van de eigenschappen van een
DBD is dat elektrische ontlading optreedt in een groot aantal kortstondige
stroomfilamenten, ook wel micro-ontladingen genoemd. De eerste stap
van deze studie is het onderzoeken van de mogelijkheid om een DBD re-
actor te gebruiken voor de oppervlakmodificatie van UHMWPE en de
resulterende verbetering van de adhesie met botcement en osteoblast-
cellen. Zowel plasma-activatie bij middelmatige druk als plasmapoly-
merisatie van methylmethacrylaat (MMA) bij atmosfeerdruk worden uit-
gevoerd. De behandelde oppervlakken worden geanalyseerd met verschil-
lende analysetechnieken zoals XPS, AFM, FTIR en WCA. Daarna wordt
de adhesie met botcement getest door middel van trekproeven, terwijl
cellen gecultiveerd en fluorescentiebeelden gemaakt worden om de adhe-
sie en proliferatie van MC3T3 osteoblastcellen te beoordelen. De resul-
taten tonen aan dat plasma-activering van een UHMWPE-substraat of
plasma-gepolymeriseerd MMA op een UHMWPE-substraat resulteert in
het creëren van zuurstofbevattende functionaliteiten en een daaropvol-
gende toename in hydrofiliciteit van het oppervlak. Dit leidt tot een
aanzienlijke verbetering van de adhesie tussen UHMWPE en botcement.
Bovendien neemt de adhesie en proliferatie van osteoblastcellen aan het
oppervlak ook toe na plasma-activering en plasmapolymerisatie.
Het gebruik van een reactor heeft echter één groot nadeel: de nood aan
vacuümapparatuur, die vaak vrij duur kan zij. Daarom wordt in een
tweede stap van deze thesis onderzoek uitgevoerd naar het omzetten van
het gebruik van een DBD-reactor naar het gebruik van een plasmajet
bij atmosferische druk (APPJ) met een DBD-ontwerp. Dit zorgt voor
meer flexibiliteit in het proces en elimineert de nood aan dure vacuümap-
paratuur. Analyse van de plasma-activering van UHMWPE met een
argon APPJ toont opnieuw dat de behandeling leidt tot een toename
van de zuurstofconcentratie op het oppervlak en dat het verhogen van de
scansnelheid van de APPJ leidt tot hogere carbonyl- en carboxylconcen-
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traties. De trekproeven tonen aan dat de gëınduceerde oppervlakmodifi-
caties de hechting tussen UHMWPE-substraten en botcement aanzien-
lijk vergroten. Bovendien hangt de sterkte van de adhesie af van de
concentratie van carbonyl- en carboxylgroepen die op het substraatop-
pervlak zijn opgenomen: een hoger carbonyl- en carboxylgehalte resul-
teert in hogere adhesiekrachten tussen het substraat en het botcement.
De proliferatie en morfologie van osteoblasten wordt ook significant ver-
hoogd na plasma-activering. Ten slotte toont de analyse van calciumfos-
faat (CaP)-vorming na onderdompeling van UHMWPE in gesimuleerde
lichaamsvloeistof aan dat de bioactiviteit van het substraat aanzienlijk
wordt verhoogd, aangezien de homogeniteit van de CaP-depositie ver-
betert als gevolg van de vorming van functionele groepen op het opper-
vlak.
Voor de omzetting van de plasmapolymerisatie van MMA van een DBD-
reactor naar een APPJ, wordt een nieuw design voor de APPJ ontwikkeld.
Deze omzetting is niet triviaal aangezien het proces moet veranderen
van directe plasmapolymerisatie naar indirecte plasmapolymerisatie. Het
nieuwe ontwerp wordt eerst getest door het uitvoeren van statische plasmapoly-
merisatie van MMA en het onderzoeken van het effect van de verschillende
procesparameters op de chemie en morfologie van de afgezette coating.
Oppervlakkarakterisering toont aan dat de depositie een radiale gradiënt
heeft in zowel chemie als morfologie. CFD-modellering bewijst dat de
monomeer-bevattende gasstroom een sterke invloed heeft op de plasmas-
troom van de APPJ en dus ook de radiale gradiënt van de afzetting.
Deze resultaten worden gebruikt als basis voor de dynamische plasmapoly-
merisatie van MMA op UHMWPE-substraten om de prestaties van het
materiaal in een schouderimplantaat te verbeteren. Oppervlakkarakter-
isatie toont aan dat de eigenschappen van de coating kunnen afgestemd
worden door de juiste procesparameters te kiezen. De adhesietesten tonen
opnieuw aan dat de adhesie tussen een PMMA-botcement en de plasma-
gepolymeriseerde UHMWPE aanzienlijk is verbeterd. Het onderzoek geeft
echter aan dat de interface waar hechtingsfalen optreedt, een sterke in-
vloed heeft op de resultaten. Tenslotte tonen de celtesten opnieuw aan
dat de proliferatie en morfologie van MC3T3-osteoblast significant verbe-
terd worden na plasmapolymerisatie.
Uit het onderzoek in dit proefschrift kan worden geconcludeerd dat niet-
thermische plasmatechnologie een uitstekend hulpmiddel is voor de op-
pervlakmodificatie van UHMWPE dat wordt gebruikt in schouderimplan-
taten. Omdat zowel de hechting aan botcement als de bioactiviteit van het
oppervlak van het materiaal aanzienlijk wordt verbeterd, kan deze tech-
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nologie helpen bij het oplossen van het loskomen van zowel gecementeerde








1.1 Total shoulder arthroplasty
Total shoulder arthroplasty (TSA) is the third most common arthroplasty
in the world; total hip and total knee arthroplasty being number one and
two respectively [1]. Kaback et al. reported an increase of the number
of TSAs performed in the U.S. with a factor of 2.5 during the period
1998-2008, with two thirds of these procedures performed on patients
that are older than 65. The affected group consists for about 2/3 out
of female patients [1]. Ricchetti et al. reported that, during the period
1993-2007, the number of primary total shoulder replacement procedures
in the U.S. increased with a factor of 3.7 [2]. This corresponds with an
annual growth of the procedure rate of about 9.4%. However, the number
of needed revisions for total shoulder arthroplasty increased with a factor
of 4.3 during the same period. This corresponds with an annual growth
of the procedure rate of about 14% [3]. The main indication for TSA is
symptomatic osteoarthritis of the glenohumeral joint. Osteoarthritis is
the most prevalent joint disorder in the world and causes pain, loss of
function and disability in adults [4]. It is a slowly progressive disease that
primarily affects the articular cartilage and results in cartilage thinning
and eventually cartilage loss, which in turn results in loss of motion of
the joint and an increase in pain. Figure 1.1 shows that the prevalence of
arthritis, of which osteoarthritis is the most common form, is expected to
rise further in the near future [4]. This will cause a corresponding rise in
number of total shoulder replacement procedures being performed. The
most common complication occurring with TSA is prosthetic loosening
of the glenoid component [2]. Given that the number of total shoulder
replacement procedures will keep on rising, it seems relevant to search for
methods to improve the adhesion of the prosthesis.
When performing an anatomical TSA, the shoulder joint is replaced with
an artificial joint that mimics the shoulder’s anatomy and therefore also
consists of a humeral and glenoid component, as can be seen in Fig-
ure 1.2. The humeral component consists of a stem with a rounded head
or ball, usually made out of titanium or a cobalt-chromium alloy. The
glenoid component is a concave socket made of ultra high molecular weight
polyethylene (UHMWPE) and comes in different designs, e.g. pegged or
keeled (see Figure 1.3). The golden standard for fixation of the compo-
nent is by means of a bone cement, usually a polymethyl methyacrylate
(PMMA) resin. However, also metal-backed and press-fit glenoid compo-
nents are used. These latter components are based on bone in-growth fixa-
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Figure 1.1: Projected prevalence of doctor-diagnosed arthritis among U.S.
adults (2005-2030).[4]
tion and do not need bone cement [5]. Studies have shown that the general
complication rate lies somewhere between 10 % and 16 % and about 1/3
of these complications are caused by loosening of the glenoid component
[6, 7]. Glenoid loosening is influenced by several parameters, which can be
subdivided in the following categories: (i) patient-related parameters in-
cluding the pathology of the shoulder, the morphology of the glenoid, the
orientation of the glenoid plane and the degree of erosion of the glenoid,
(ii) implant-related parameters such as the implant design, the fixation
methods, the material properties and the glenohumeral relationship and
(iii) surgical factors including experience, the correct placement of the
implant, the amount of correction, the methods of correction and the
handling of the soft tissue [8]. In spite of advances in surgical techniques,
implant design and fixation methods, the incidence of glenoid component
loosening is still too high. The main causes are incorrect placement of
the component, which can lead to eccentric loading of the glenoid and
consequently the occurrence of the so-called ’rocking horse’ phenomenon,
and insufficient component fixation due to the nature of the material that
is used. This manuscript will focus on the implant-related material prop-
erties. Although UHMWPE has adequate mechanical bulk properties to
be used in a shoulder implant, it is an inert and non-polar material. On
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Figure 1.2: Schematic of an anatomic TSA.[5]
the one hand, this makes it difficult for other components to chemically
bind to UHMWPE in order to get an adhesive fixation. On the other
hand, this also inhibits cell adhesion and growth, which in turn lowers
the ability for bone in-growth and biological incorporation of the implant.
Improving the chemical surface properties of medical grade UHMWPE
by means of surface modification could consequently lead to an improved
performance of a shoulder prosthesis.
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Figure 1.3: Different glenoid component designs. Left: Pegged design.
Right: Keeled design of the glenoid component.[5]
1.2 Plasma technology
The concept of plasma was introduced by Langmuir in 1929 and is used
to refer to a fourth state of matter [9]. Plasma is a partly ionized gas
and is defined as a quasi-neutral particle system in the form of a gaseous
mixture of free electrons, ions, radicals and neutral particles like atoms
and molecules. Some of these particles are excited and can return to
ground state by emitting energy in terms of a photon. It is this phe-
nomenon that is responsible for the luminosity that characterizes plasma.
The plasma state can be obtained by exciting gas into energetic states,
and providing enough energy to allow ionization. Plasma can be divided
into non-equilibrium (non-thermal, cold) and equilibrium (thermal, hot)
plasma. Thermal equilibrium implies that all species (electrons, ions,
neutrals, etc.) have the same temperature. Very high temperatures are
required to form this type of plasma, going up to 20 000 K for elements
that are hard to ionize like helium (He) [10]. It is not possible to work
with these high temperatures onto thermo-sensitive polymer surfaces, as
it would cause degradation of the material. Non-thermal plasmas are gen-
erated by an electrical gas discharge; here a strong electric field is applied
to a neutral gas, which induces ionization of the gas volume [11]. The
applied electrical field accelerates the created charged particles. Espe-
cially electrons are affected by the field due to their low mass and thereby
gain more energy and reach higher temperatures. On the contrary, heavy
ions efficiently exchange their energy with the background gas and thus
remain cold. The resulting plasma gas temperature often ranges around
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or slightly above room temperature, which makes this type of plasma
perfectly suitable to use for biopolymers [11]. A typical example of a
non-thermal plasma discharge is the dielectric barrier discharge (DBD).
A DBD can be generated by applying a high voltage over 2 electrodes,
where one or both of the electrodes is covered with a dielectric barrier,
typically glass or another ceramic material. One of the properties of a
DBD is that electrical breakdown occurs in a large number of short-lived
current filaments, also referred to as micro-discharges. The dielectric is an
essential part of the discharge and has two functions: it limits the amount
of charge that is transported by a single micro-discharge and it allows the
distribution of the micro-discharges over the entire electrode.
In terms of surface modification, plasma systems typically work at low
pressures, as at low pressure the discharge is more stable and easier to
control. However, increasing interest from the industry and the demand
for more efficient and flexible techniques have led to the development of
atmospheric pressure plasma reactors. As there is no need for vacuum con-
ditions, investment costs are much lower and integration into the industry
becomes much easier. The downside to atmospheric plasma production is
that instabilities might occur much faster and transition to a thermal arc
discharge is likely to take place. This transition is undesirable because it
leads to inhomogeneous conditions as the discharge constricts to a narrow
current channel and causes an increase in temperature [12].
Non-thermal plasma technology can be used for several different types
of surface modification, such as activation, deposition of a thin polymer
coating, grafting of specific functionalities and etching. In this PhD thesis,
plasma activation and plasma polymerization will be used to modify the
surface of UHMWPE. These two methods are therefore briefly discussed
in the following sections.
1.2.1 Plasma activation
Non-thermal plasma activation, also called plasma treatment, can be used
to introduce different functionalities on chemically inert surfaces or to
change the functionalities that are already present on a surface. The
manner in which these functionalities are introduced into the surface,
depends on the type of cold plasma. Plasmas that contain reactive media
such as NH3, N2, O2 or CO2 will directly introduce the functionalities. An
NH3 plasma will introduce, among others, amines, where an O2 plasma
introduces a mixture of carboxylic acids, alcohol functionalities, ketones,
aldehydes, esters, etc. However, when an inert medium, such as argon
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(Ar) or helium (He), is used to form the plasma, the plasma modification
will result in the formation of free radicals onto the surface [13]. When
the treated sample is then exposed to the atmosphere, the free radicals
will react with the atmospheric oxygen, as it is a stable diradical, to form
functional groups such as hydroxyls and peroxides. Plasma treatment
does therefore not result in a unique functionality, it is not a selective
technique. Depending on the type of plasma is used, the surface can
therefore be made more hydrophilic or more hydrophobic. As mentioned,
an O2 or N2 plasma will introduce polar functionalities, which will make
the surface more hydrophilic. On the other hand, when precursors such
as CF4 or SF6 are present in the plasma, non-polar functionalities will
be incorporated into the surface, making it more hydrophobic. A special
characteristic, and perhaps disadvantage, of plasma treatment is that the
induced surface modifications are not permanent. Upon ageing in air,
the surface will partially recover to its initial state. Reports have shown
that there are post-plasma rearrangements and reactions that explain this
recovery [14]. The post-plasma rearrangements consist of a reorientation
of the incorporated functional groups towards the bulk of the material
and are driven by the surface trying to minimize its interfacial energy.
1.2.2 Plasma polymerization
Non-thermal plasma polymerization, or plasma deposition, results in coat-
ing of a surface with a polymer. A monomer is injected into the plasma as
a vapor phase, upon which it will be fragmented by the plasma into reac-
tive species that can combine and form polymers. Mostly inert gasses such
as Ar and He are used as working gas for plasma polymerization. Reports
show that the formed thin polymer films have different chemical and phys-
ical characteristics than the polymers that are formed through traditional
methods. The plasma polymerized films are pinhole-free and highly cross-
linked and subsequently insoluble and thermally stable. Plasma polymers
also have a strong adherence on almost any substrate[15]. The properties
of the polymer films are highly influenced by several plasma parameters,
such as discharge power, pressure and polymerization time. For exam-
ple, the stability of the polymer film in aqueous environments depends
strongly on the plasma power and the monomer concentration. A higher
amount of energy per molecule leads to a higher degree of fragmenta-
tion of the monomer molecule and a consequent higher degree of cross-
linking in the deposited polymer, which in turn leads to a better stability
[12]. Plasma polymerization has some advantages compared to conven-
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tional polymerization methods as it does not need solvents and typically
takes less time. Additionally, precursors that cannot be polymerized by
traditional chemical methods can often be polymerized by plasma poly-
merization. Compared to plasma activation, the selectivity of plasma
polymerization is much higher as a monomer can be chosen that contains
specific functional groups, such as amines, carboxyls or hydroxyls. On the
other hand, plasma polymerization is a process with a high complexity.
It is therefore necessary to perform an optimization of these parameters
for each monomer, in order to fine-tune the chemical composition of the
polymer film.
1.3 Objective
Shoulder implants suffer from a high incidence of glenoid loosening, partly
due to the inert nature of the material that is used for this component.
Non-thermal plasma technology has been proven to be an extremely ef-
fective method for the surface modification of biomaterials. It is therefore
the aim of this PhD thesis to tackle the glenoid loosening problem by
using non-thermal plasma technology to modify the surface chemistry of
the UHMWPE in shoulder implants.
The manuscript is constructed in the following way: Chapter 2 gives
an overview of the literature concerning the possibilities of non-thermal
plasma technology for the incorporation of specific functional groups on
the surface of biomaterials. An extensive range of methods to incorpo-
rate functionalities such as amines, carboxyls and hydroxyls is discussed
in detail, as is their effect on the bioactivity of the material or their abil-
ity to be used as a platform for the immobilization of biologically active
molecules.
Chapter 3 specifies the materials that were used during this research,
as well as a detailed description of the relevant surface characterization
methods and experimental procedures.
Chapter 4 discusses the use of a DBD-reactor for the surface modification
of UHMWPE. Both plasma activation and plasma polymerization are in-
vestigated and discussed, as well as their effect on cell proliferation and
on adhesion of the material to bone cement.
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Chapter 5 focuses on the conversion of the plasma activation in a DBD-
reactor to an atmospheric pressure plasma jet (APPJ). Different process
parameters are optimized and their effect on the surface chemistry of
UHMWPE is investigated. Again, the effect on cell proliferation and on
adhesion of the material to bone cement is discussed.
Chapter 6 concerns the conversion of the plasma polymerization of MMA
in a DBD-reactor to an APPJ. First, a newly designed jet is investigated
by performing static plasma polymerization of MMA. Second, the ob-
tained results are used as a basis to use scanning plasma polymerization of
MMA to enhance the relevant characteristics of medical grade UHMWPE
towards its use in shoulder implants.
Chapter 7 ends this manuscript by drawing conclusions from the obtained
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2.1 Introduction
The most frequently used biomaterials have excellent bulk and mechan-
ical properties as they are often specifically designed for their applica-
tion. However, a large portion of these biomaterials suffer from subopti-
mal surface properties. Examples include the unfavorable adsorption of
carbon-containing species on titanium surfaces, the corrosion of biometals
in physiological environments and the (bio-)chemical inertness of a large
portion of the existing biopolymers. These surface properties result in a
weak adhesion with other materials and a moderate integration with the
surrounding tissue, often leading to sub-par performances of the biomate-
rials in question or in case of corrosion of biometals leading to thrombus
formation. Surface modification of these materials can be used to alter the
properties to what is needed or desired. A significant amount of research
is going into improving the surface properties of biomaterials by intro-
ducing new functional groups, including amines, carboxyls, hydroxyls,
SOx(H) and siloxanes, into or on the surface. Table 2.1 shows the chem-
ical structures of these functional groups. Literature frequently discusses
a range of relevant surface modification techniques, such as wet chemi-
cal techniques, plasma treatments, UV irradiation, X-ray irradiation and
flame treatment and each of these techniques has its technical advantages
and disadvantages. Plasma technology, however, seems to have gained
considerable popularity over the other methods. Compared to wet chemi-
cal techniques, plasma treatments are much faster and more flexible, and
do not make use of solvents, making them cheaper. Additionally, for most
irradiation techniques it is difficult to limit their effect to the surface of
material. It is often seen that these techniques also induce changes in
the bulk or start to degrade the material, which has negative effects on
its desirable bulk and mechanical properties. Plasma treatments are lim-
ited to the first tens of nanometers of the material, effectively leaving the
bulk properties as is. In terms of polymerization of precursors, plasma
technology has the advantage that it is able to polymerize monomers that
cannot be polymerized by traditional chemical methods. The range of
usable precursors is therefore much bigger for plasma technology. This
chapter will give an overview of the many applications of plasma technol-
ogy for the surface modification of biomaterials and will show the most
important research that has been published in regard to incorporating
specific functional groups such as amines, carboxyls, hydroxyls, SOx(H)
and siloxanes during the last decade.
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Table 2.1: Chemical structures of several functional groups that are in-








Literature shows a variety of plasma based methods for the creation
of amine-containing surfaces used in bioapplications. They are mainly
obtained by using ammonia or nitrogen plasma functionalization or by
plasma polymerization of common alkylamines such as allylamine, hep-
tylamine and ethyldiamine. Most studies concerning the incorporation of
amines on a substrate by plasma functionalization are focused on low pres-
sure setups as research has shown that only a low amount of amino func-
tional groups can be incorporated into a surface using atmospheric pres-
sure plasma treatments. The difference with incorporation of other func-
tional groups such as carboxyls or hydroxyls, is striking. There, more re-
search is going into using setups at atmospheric pressure as it removes the
need for expensive vacuum equipment. A known disadvantage of plasma
functionalization in general is the tendency of treated surfaces to undergo
hydrophobic recovery after treatment, hence partly losing the treatment
effect. While the ammonia and nitrogen plasma treatment methods are
mostly focused on cell colonization, the majority of the studies concern-
ing amine plasma polymers are focused on building a reactive platform for
immobilization of biologically active molecules such as heparin, collagen,
DNA, chondroitin sulfate, epidermal growth factor and fibronectin [16–
19]. The multitude of reports on amine plasma polymers shows that good
coatings can be achieved over a wide range of plasma process parameters,
hence their attractiveness. However, the created amine functionalities
are often prone to oxidation reactions, which limits the shelf life of these
plasma polymers. Other techniques include plasma syn-irradiation graft-
ing and post-plasma grafting of amine-containing monomers and active
screen plasma nitriding (ASPN). In post-plasma grafting, the substrate is
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Figure 2.1: Schematic design of an ASPN setup.[21]
first functionalized using a plasma treatment (usually with an Ar plasma),
followed by the exposure of the substrate to a desired monomer solution.
This way the direct exposure of the primary amine groups to the plasma is
avoided, which is not the case for plasma syn-irradiation grafting. ASPN
was developed as a technique to avoid all the drawbacks occurring for DC
plasma treatments such as arcing, edging, the hollow cathode effect and
non-uniformity of the plasma temperature [20–22]. It is a relatively young
technique as it emerged in the last 20 years and is known for its ability to
homogeneously treat surfaces of any morphology with high reproducibil-
ity. A schematic of an ASPN setup is shown in Figure 2.1.
The easiest way, experimentally speaking, for the amination of a surface
is plasma treatment. Literature shows a variety of discharge gasses used
for amine functionalization, including pure N2 [23] or mixed with H2 [24],
H2O [25], O2 [26] or NH3 [27]; or a combination of NH3 with Ar [28, 29],
or pure NH3 [18, 30–33]. The amount of amines formed on a substrate’s
surface depends on a number of parameters, such as discharge gas compo-
sition, gas pressure, energy density of the treatment and the nature of the
16
SURFACE MODIFICATION OF BIOMATERIALS USING
NON-THERMAL PLASMA TECHNOLOGY
substrate itself. Sardella et al. investigated the effect of different N2/H2O
plasma mixtures on PCL scaffolds and found that the N/C ratio was the
highest for pure N2 and decreased with increasing H2O concentration [25].
Yang et al. developed a two-step procedure using subsequent N2/O2 and
N2/NH3 APPJ treatments of a PLA surface to overcome the problem
that only a low amount of amino functional groups can be incorporated
at atmospheric pressure [26, 27]. Waser-Althaus et al. found that, for
a treatment time of 5 min, increasing the discharge power from 10 W to
200 W for the NH3 plasma treatment of PEEK resulted in a sharp de-
crease of the N/C ratio [31]. However, Bergemann et al. found that short
treatment times in the order of seconds at high powers result in an in-
crease of the N/C ratio of polycarbonate surfaces [33]. This phenomenon
has been attributed to the competition of two processes: (i) the forma-
tion of H radicals, which can reduce the various oxidation states of N to
NH2 and (ii) positive ion bombardment that results in hydrogen abstrac-
tion of the NH2 functionalities or the removal of NH2 from the surface
[34, 14]. While most studies focus on the amination of biopolymers, also
graphene has been the subject of plasma amination research. Baraket et
al. used an Ar/NH3 plasma to obtain aminated graphene and saw that
increasing the operating pressure from 25 mTorr to 90 mTorr increased the
N-concentration from 5 at.% to 20 at.% and the NH2 concentration from
1 at.% to 9 at.% [28].
Research into plasma polymerization for biomedical applications is mostly
focused on creating a platform for the immobilization of different bio-
molecules. Aminated surfaces allow the reaction with carboxyl groups or
aldehyde groups present on biomolecules, forming amides or imines re-
spectively, with the former being the most prevalent as aldehyde groups
can only be produced on sugars by periodate oxidation [35]. Used precur-
sors for amine plasma polymerization include allylamine [16, 17, 19, 36–
40], ethyldiamine [36, 41], heptylamine [42] and propargylamine [43]. Also
mixtures of C2H4 and N2 or NH3 are used to create amine-containing coat-
ings [18, 44]. A recent general trend in plasma polymerization is the use of
cyclic monomers, as they cannot be polymerized by traditional chemical
methods. For amination mostly cyclopropylamine is used [45–48], as it is
the simplest cyclic amine. Aside from the process, also safety issues can be
a factor in deciding what monomer to use. Allylamine is a toxic monomer
and therefore carries a big disadvantage to non-toxic monomers like hep-
tylamine or cyclopropylamine. Although this does not seem to affect most
researchers, given that the majority of the studies focuses on allylamine,
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it might become an issue when the research has to be translated to indus-
try. In plasma polymerization, there are several factors that influence the
characteristics of the resulting coating and therefore influence the amine
concentration, such as monomer choice, discharge power and discharge
gas composition, which are linked in the Yasuda (W/FM) parameter, gas
pressure and duty cycle in case of pulsed plasma polymerization. Dai et
al. found that reducing the duty cycle and increasing the discharge power
increased the amine concentration in a plasma polymerized heptylamine
coating [42]. In general, increasing the discharge power should lead to
a decrease in NH2-concentration as it will cause more fragmentation of
the monomer and hence a loss of the functional group [40]. Therefore,
most research uses process parameters that are in the monomer sufficient
region, as it allows to obtain a significant density of the desired function-
alities on the surface. Charbonneau et al. compared the low pressure
and atmospheric pressure plasma polymerization of a C2H4/NH3 mixture
or a C2H4/N2 respectively and found that a higher pressure results in a
higher N-concentration but a lower pressure results in a higher NH2 den-
sity [18]. Aziz et al. found that increasing the pressure from 10 kPa to
50 kPa for the plasma polymerization of allylamine, results in a decrease
of both the N-concentration and the NH2 density [40]. Upon further in-
crease of the pressure, both concentrations remained stable. Lerouge et
al. found that the resulting NH2-density depends on the NH3/C2H4 ratio
[44]. Several studies have investigated the difference between pulsed and
continuous plasma polymerization of amine-containing monomers [39, 45].
Pulsed plasma polymerization seems to result in a significantly higher N-
concentration and NH2-density.
Long-term chemical stability of the deposited plasma polymers is impor-
tant in biomedical applications. However, amine-containing plasma poly-
mers are known to undergo oxidation reactions in the days after depo-
sition. Finke et al. saw a rapid decrease within the first 7 days; 70 %
of the primary amines were lost and converted to amides [49]. Ruiz et
al. saw a similar decrease of the NH2 density within the first 7 days and
state that compositional characteristics of the deposited coatings evolve
in a quasi-exponential way over time, with a time typical time constant
of 3–4 days [50], as can be seen in Figure 2.2. Additionally, the stability
of the deposited polymers in an aqueous environment is of paramount
importance in biomedical applications. Most of the research concern-
ing amination of a biomaterial through plasma polymerization focuses on
plasma enhanced chemical vapor deposition (PECVD), in which a volatile
monomer/precursor is brought into the plasma as a vapor phase. However,
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this method has the disadvantage that there is a trade-off between amount
of functionalities in the plasma polymer and its stability in aqueous solu-
tions. At high discharge powers, stable films are formed but the percent-
age of functionalities is reduced due to fragmentation of the monomer. At
low discharge powers, more functionalities are retained but the polymer’s
solubility is also increased. In order to tackle this trade-off, Barletta et
al. used aerosol plasma assisted deposition (AAPD), which is a fairly new
technique, to deposit an amine-rich coating at low discharge powers with
a good water stability [51]. N,N’-methylenebisacrylamide (MBA) is used
as a precursor and is known for its low-volatility and use as a cross-linking
agent. The obtained coatings seemed to be stable in water and have a N
concentration of 8 at.%, of which 12 % as amines.
Plasma grafting of specific functional groups can be performed in two
ways: (i) plasma syn-irradiation grafting consists of adsorbing a monomer
to a surface and then exposing it to a plasma, resulting in the polymer-
ization of the adsorbed monomer, and (ii) post-plasma grafting, which
consists of plasma treating the surface followed by exposing the surface
to a monomer-containing environment. For the amination of biomateri-
als via grafting, only studies performing post-plasma grafting were found
[39, 52]. An Ar or He plasma pre-treatment is used to create radicals
on the surface. Upon exposure to the monomer-containing environment,
the radicals will react with the monomer, grafting it to the surface. The
concentration of free amines seems to increase with increasing monomer
concentration and increasing grafting time. ASPN has been used to en-
hance the cellular compatibility of UHMWPE and aluminosilicate glass
[21, 53]. The N-concentration seems to depend mostly on the treatment
time. Although a N-concentration of 35 % was achieved, it is unclear if
this technique results in a sufficient NH2-concentration.
For the determination of the N-concentration mostly XPS is used. A
survey spectrum of the surface will show a N1s peak around 400.0 eV,
with the surface area of the peak proportional to the N-concentration.
Quantifying the NH2-density can be performed using several methods.
Deconvolution of a high resolution scan of the N1s XPS peak is a fre-
quently used method. Every N-containing functional group has its own
binding energy (BE) and will have its own contribution to the N1s peak.
For amine groups, this BE is around 399.2 eV. However, amide groups
have a BE around 399.8 eV. The proximity of these BEs can make it a
difficult task to determine the NH2-density on the surface based on de-
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Figure 2.2: Time-evolutions of the compositions of L-PPE:N coatings
obtained with two different gas mixture ratios (A and B), as a function
of the storage duration in laboratory atmosphere, showing the oxidation
of the primary amines on the surface.[50]
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convolution of the N1s peak alone. To overcome this, often a chemical
derivatization method is used. p-(trifluoromethyl)benzylamine (TFBA) is
a fluorine-containing compound that selectively reacts with NH2 groups.
These F atoms are easily detected with XPS and their quantity can be






[C]− 8 · [F ]/3
· 100 (2.1)
where [NH2] is the number of amine groups per 100 C atoms, [F] is the
fluorine concentration and [C] is the carbon concentration determined by
XPS [54]. Finally, a ninhydrin assay can be used to demonstrate the
presence of free amines, both qualitatively and quantitatively [52, 55].
Ninhydrin is a chemical that, upon reaction with primary amines, emits
a purple color known as Ruhemann’s purple. The absorbance of the so-
lution is subsequently analyzed with spectrophotometer and compared to
blank values.
There is a wide use of amine-rich surfaces for bio-interface applications,
which can be divided into two main categories: (i) the need for a func-
tionalized surface and (ii) the need for a platform that allows immobi-
lization of proteins, growth factors, antibodies, etc. The former is mostly
aimed at improving cell adhesion and growth on the substrate surface
or is aimed at improving the adhesion between two biomaterials. The
success of aminated surfaces for improving cell viability can be explained
by the positive charge that arises in aqueous environments. This makes
these surfaces well-suited for the interaction with several proteins such
as hyaluronan and fibronectin, which are negatively charged at physio-
logical pH [36, 56, 57]. Examples of biomaterials subjected to amine-
functionalization include poly(lactic acid) (PLA), polycarbonate (PC),
polypropylene (PP), UHMWPE, polystyrene (PS), poly(vinyl alcohol)
(PVA), PEEK, poly(caprolactone) (PCL), titanium and graphene. The
specific amine concentration on a surface for optimal cell adhesion and
proliferation is of course different for each substrate, each cell type and
therefore each application. This can be demonstrated by the following
examples: Strbkova et al. stated that higher concentrations of amine
groups on the surface result in increased cell adhesion and proliferation
[45]. This seems to be confirmed by Mangindaan et al., who constructed
a 2D amine functionality gradient on PP and saw that fibroblasts grew
proportionally with the amine content along the 2D gradient [38]. On
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the other hand, for plasma treatment, the highest amine concentration
(or N-concentration) usually correlates with the lowest surface wettabil-
ity. Research has shown however that cell viability is optimal at moderate
surface wettability [33, 58]. Additionally, Finke et al. compared differ-
ent amine-containing precursors for plasma polymerization on Ti-6Al-4V
discs and found no significant difference in osteoblast cell adhesion and
spreading on the different coatings although their chemical composition
did differ significantly [36]. They conclude that high densities do not
automatically lead to exceptionally enhanced adhesion and spreading of
osteoblast cells and that other N-containing functional groups such as
amides or imides might also have an influence on the initial cell functions.
As stated before, the use of aminated surfaces for the immobilization
of biomolecules is based on the covalent binding of the amines on the
surfaces and carboxyl groups (or in some cases aldehyde groups) on the
biomolecules to form an amide. Siow et al. stated that from a chemist’s
point of view, it makes more sense to turn this around and use a carboxy-
lated surface to react with amine groups on the biomolecule [14]. This
is proven by the low number of publications concerning aminated sur-
faces for the immobilization of biomolecules. Even in these publications,
often an intermediate molecule such as diethylene glycol diglycidyl ether
(DEGDGE) or glutaraldehyde is used to convert the amine functionalities
[19, 47].
2.3 Carboxyls
The incorporation of carboxylic functional groups into the surface chem-
istry can be obtained by several plasma based processes. Literature
shows that research concerning carboxylation of biomaterials is focused on
plasma functionalization using CO2 plasmas or plasma assisted deposition
of acrylic acid, maleic acid or other carboxyl-containing monomers. As is
the case for amines, carboxyls are incorporated in order to functionalize
the material’s surface towards cell proliferation or towards adhesion with
other biomaterials, or in order to obtain a platform for the immobilization
of biomolecules. For the latter case, the created carboxylic functionalities
are covalently linked with bioactive molecules containing amine function-
alities based on carbodiimide chemistry [14].
The carboxylation of biomaterials using plasma functionalization is mostly
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Figure 2.3: Effect of CO2 plasma exposure time on −COOH content and
gelatin immobilization on a PCL scaffold.[60]
performed by exposure to a CO2 plasma [59, 60], although some authors
also report the use of N2 [61], O2 [62] or air [63] plasmas. While plasma
functionalization in general results in the insertion of a variety of func-
tional groups, CO2 plasma functionalization will result in a higher speci-
ficity for carboxyl groups. Nevertheless, also hydroxyls, aldehydes, es-
ters and ketones will be produced. The amount of carboxyls formed on
a substrate’s surface depends on a number of parameters, such as gas
pressure, energy density and the nature of the substrate. All found pub-
lications were conducted at low pressures. Patra et al. reported that
the COOH-content increases with increasing treatment time until a maxi-
mum is reached [60]. Upon increasing the treatment time even further, the
COOH-content dropped again, as can be seen in Figure 2.3. The authors
attribute this drop to partial deactivation of the carboxyl functionalities
due to continuous plasma bombardment of the surface. In general, the
low amount of articles concerning the use of plasma activation for the
carboxylation of biomaterials seems to indicate the research has shifted
more towards plasma polymerization over the last decade.
The most frequently used method for the carboxylation of biomaterials is
plasma polymerization of carboxylic acid monomers such as acrylic acid
(AcAc). Process parameters that influence the coating characteristics in-
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clude monomer choice, discharge power and discharge gas composition,
which are linked in the Yasuda parameter (W/FM), gas pressure, the
discharge frequency and the duty cycle in case of pulsed plasma poly-
merization. Most research at low pressure results in COOH-densities of
10–20 % [64–66], while plasma polymers with a density up to 32 % have
been reported at atmospheric pressure [67]. In the case of plasma jets,
also the jet speed will have an influence. Carton et al. found that for
the APPJ polymerization of AcAc a higher jet speed results in a higher
carboxyl ratio [67]. At low jet speeds, the surface is overheated and some
of the carboxylic groups can be converted into volatile compounds such as
CO2. Additionally, a higher discharge frequency resulted in a lower car-
boxyl concentration as it caused a higher level of monomer fragmentation
in the plasma. Several studies report the decrease of the carboxyl density
with increasing discharge power as it increases monomer fragmentation
[68, 69]. The carboxyl functionality is easily fragmented off, presumably
as CO2, so using low powers is favorable although this lowers the depo-
sition rate. Zheng et al. found that the COOH-concentration increases
with increasing treatment time [66]. Cools et al. studied the effect of the
Yasuda parameter on the coating characteristics by changing monomer
concentration and discharge power and found that the carboxyl density
decreased upon increasing the Yasuda parameter [70]. Additionally, Cools
et al. showed that the design of the plasma reactor can have a significant
effect on a coating characteristics and its homogeneity [71].
The difference in the amount of carboxylic groups that can be obtained
by either plasma activation or plasma polymerization is striking. Due to
the low selectivity of plasma activation, the COOH-density usually stays
below 10 %, while plasma polymers with a density up to 32 % have been
reported [67]. As has been pointed out previously, plasma polymers in
general can suffer from instability in aqueous environments. Research has
shown that plasma polymerized acrylic acid (PPAA) coatings will start to
swell upon immersion in water or that the PPAA films can detach from
the surface and/or dissolve [64, 67, 69]. The stability of plasma polymers
correlates strongly with its degree of cross-linking and therefore depends
on the available plasma energy per monomer molecule (i.e. the discharge
power and the monomer concentration in the plasma). The use of a lower
plasma power leads to less fragmentation of the monomer molecules and
therefore allows for less cross-linking. In turn, this leads to coatings that
dissolve or delaminate from the surface. Again, this points to the general
idea that, in the case of plasma polymers, there is a trade-off between a
high density of the desired functionality and a sufficient stability in aque-
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ous environments. In their research with the APPJ polymerization of
AcAc on glass, Carton et al. found that also the jet speed can influence
the stability of the deposited PPAA coating [67]. The SEM-images in
Figure 2.4 show that for a jet speed of 5 m/min the coating’s morphology
does not seem to be influenced after soaking in water for 24 h. However,
when the jet speed is increased to 10 m/min the morphology of the film
is strongly modified as high delamination can be observed. In order to
circumvent these stability issues, copolymerization of a carboxylic acid
or an anhydride, such as maleic anhydride (MA), and a hydrocarbon has
been investigated [72–74]. The addition of a hydrocarbon increases the
degree of cross-linking in the plasma polymer and therefore enhances its
water stability. Although, Manakhov et al. found that even then the
stability strongly depends on the ratio of the precursor and the hydro-
carbon concentrations in the discharge [72], as can be seen in Figure 2.5.
To avoid these stability issues altogether, it is sometimes preferable to
use plasma activation for the carboxylation of certain biomaterials even
though higher carboxyl densities can be obtained with plasma polymers.
On the other hand, plasma activated materials are prone to hydrophobic
recovery, which results in a partial loss of functionalities during storage
time.
A less frequently used plasma method for the carboxylation of biomateri-
als is post-plasma grafting. Tambe et al. used a He plasma to functional-
ize PLA fibers, followed by immersion in a 1 M maleic acid solution [75].
Saxena et al. performed post-plasma grafting of AcAc on PP and found
that an increase in plasma power led to a higher carboxyl density on the
substrate’s surface [76]. Manakhov et al. grafted a COOH-containing
coating using a CO2/C2H4/Ar pulsed plasma and investigated the influ-
ence of the CO2/C2H4 ratio on the COOH-concentration [77]. The results
showed that the carboxyl concentration increases gradually with increas-
ing CO2 concentration, which is attributed to the interaction of CO2
plasma species (CO +2 , CO *2 ) with a hydrocarbon polymeric network.
However, the resulting maximum percentage of COOH-functionalities was
still found to be only 0.8 at.%, which is significantly lower than what can
be obtained by using plasma polymerization of AcAc or maleic acid. The
authors also investigated the influence of the duty cycle and found that
increasing the duty cycle lowers the COOH-concentration, as the degra-
dation of the molecules will be more pronounced and more ion bombard-
ment of the coating will occur. On the other hand, Guex et al. per-
formed a similar CO2/C2H4 driven process without pulsing and obtained
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Figure 2.4: SEM images of PPAA thin films deposited on glass: (a)
5 m/min as deposited, (b) 5 m/min soaked 24 h, (c) 10 m/min as deposited
and (d) 10 m/min soaked 24 h.[67]
COOH-concentrations of 8.6 at.% [78]. Their study confirmed the rising
carboxylic density with increasing CO2/C2H4 ratio. Finally, Manakhov
et al. added H2 to the mixture, as a lack of hydrogen atoms in the plasma
can hinder the recombination of −COO radicals to −COOH function-
alities. However, no noticeable influence was found, showing that this
recombination is probably not a limiting factor in their process.
The determination of the C-concentration is mostly performed with XPS.
A survey spectrum of the surface will show a C1s peak around 285.0 eV,
with the surface area of the peak proportional to the C-concentration.
Literature shows that quantifying the COOH-density is performed us-
ing several methods. In an XPS spectrum, every C-containing functional
group has its own BE and will have its own contribution to the C1s peak.
For carboxylic groups, this BE is around 288.9 eV. Hence, deconvolu-
tion of a high resolution scan of the C1s peak allows the calculation of
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Figure 2.5: High magnification SEM micrographs of the MA/C2H2 plasma
polymers before (on left) and after (on right) immersion in water for 24 h
a) MA/C2H2 = 0.02, b) MA/C2H2 = 0.037, c) MA/C2H2 = 0.11.[72]
the COOH-density. Other ways of determining the density of carboxyl
groups are based on more indirect methods. Kim et al determined the
COOH-density by using a toluidine blue O dye (TBO) test [69]. TBO is
a cationic blue dye derivative of phenothiazine that can covalently bind
with carboxylic functionalities and shows a peak of light absorption at a
wavelength of approximately 620 nm. The carboxyl density can be calcu-
lated from the optical density of the dye solution based on a calibration
curve. Alternatively, Dolci et al. used fluorescein isothiocyanate (FITC)
conjugation to determine the amount of carboxyls on a PLA surface [61].
In this protocol, the carboxyl groups are activated with water-soluble car-
bodiimide to covalently attach FITC molecules using a diaminobutane as
a cross-linker. The resulting fluorescence intensity can be linked to the
COOH-density.
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Plasma based carboxylation of a biomaterial can be used to functionalize
its surface and enhance the cell adhesion and proliferation. Different bio-
materials, such as collagen or cellulose films, PLA or PCL scaffolds and
titanium, PET or PEEK substrates have been plasma treated to this end.
Research shows that the presence of carboxylic functional groups enhances
the morphology and viability of MEF cells [61], MC3T3 cells [66, 79],
MG63 cells [59] and NIH:OVCAR-3 cells [67]. Zheng et al. showed that
the adhesion, spreading and proliferation of pre-osteoblasts increased with
increasing COOH-concentration on the surface [66]. Additionally, plasma
carboxylated PEEK surfaces showed a significant improvement in apatite
layer formation upon immersion in SBF [65]. This shows that the bioac-
tivity of PEEK can be considerably enhanced by carboxylation.
As is the case for aminated surfaces, a platform for the immobilization
of biomolecules can be produced using carboxylation of materials. Most
studies focus on using these biomolecules to enhance the attachment and
viability of different cell types or to create an antibacterial effect. Exam-
ples of used biomolecules include fibronectin [64], rhBMP-2 [69, 80], vas-
cular endothelial growth factor [78], ampicillin [63], amine-PEG3-biotin
[62], gentamicin [74], gelatin [60] and genipin combined with collagen [75].
On the other hand, a platform of carboxylic functionalities can also be
used to tune the hemostatic response to the material. Kolar et al. showed
that using a platform to immobilize heparin on PET substrates dramat-
ically improved the hemocompatibility of the polymer [81]. Due to the
different conformations of blood proteins, the heparin will bond with these
proteins before any blood platelet has the chance to adhere and activate.
Therefore, the hemocompatibility is greatly enhanced.
2.4 Hydroxyls
Research published during the last years shows only few examples of
plasma based hydroxyl functionalization for bio-applications. In a way,
these publications partially explain this lack in research as the perfor-
mance of these functionalities is often surpassed by carboxylic and amine
functionalities, especially regarding the immobilization of biomolecules.
Bioconjugation more likely occurs through physisorption for hydroxyls
compared to carboxyl or amine groups, as the former are relatively chem-
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ically inert while the latter provide a specific linking chemistry to the
nucleophiles that are present on proteins [82]. On the other hand, hy-
droxyl surfaces have shown to be effective as cell-adherent surfaces.
Hydroxyl surfaces can be obtained by argon [83], oxygen [84, 85] or water
plasma treatment, or by plasma deposition of an alkyl alcohol, such as
methanol or ethanol, or allyl alcohol. North et al. used an argon plasma
to generate reactive hydroxyl moieties at the surface of a polystyrene
microtiter plate [83]. These moieties are created upon exposure to at-
mospheric oxygen after the argon plasma treatment. Addition of water,
or even oxygen, into the plasma gas mixture will allow the formation of
hydroxyl functional groups during the plasma treatment. Due to the low
selectivity of these treatments, the resulting OH-concentration will remain
relatively low.
For plasma polymerization, reports in the last years are limited to the use
of allyl alcohol [85] and ethanol monomers [82]. There are several factors
that influence the OH-density and deposition rate of hydroxyl-containing
plasma polymers. Coad et al. report that the deposition rate of the
ethanol plasma polymer increases with increasing plasma power, indicat-
ing that the authors were operating in the monomer sufficient range [82].
However, the structural retention of the monomer (i.e. the OH-density)
seems to lower with increasing plasma power, as this leads to an increasing
monomer fragmentation. As for all plasma polymerization processes, the
plasma polymer characteristics will additionally be influenced by other
process parameters such as pressure, monomer concentration, discharge
gas composition, duration of plasma polymerization and duty cycle for
pulsed plasma polymerization. A special case can be found in the work
of Yang et al., where an aerosol-assisted ethylene atmospheric pressure
plasma is used to deposit hydroxyl functionalized hydrocarbon films [86].
Their results show that the discharge frequency can have a significant ef-
fect on the OH-density and on the correlation between the OH-density
and the aerosol concentration, as well as on the deposition rate and its
correlation with the aerosol concentration. Therefore, a certain selectivity
towards OH-groups can be obtained by tuning these parameters.
The amount of hydroxyl functionalities is mostly determined using XPS-
analysis of the functionalized surface. C−OH bonds have a BE around
286.7 eV and will contribute to the C1s peak signal in an XPS spectrum.
Their density can be determined by performing a deconvolution of the
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Figure 2.6: Schematic illustration of plasma induced surface functionaliza-
tion of polystyrene. The method is comprised of three steps: step 1, argon
plasma induced surface modification with reactive hydroxyl groups; step
2, silanization using organofunctional silane; step 3, bioimmobilization
either directly or indirectly with the use of intermediate cross-linkers.[83]
C1s peak. Alternatively, attenuated total reflection Fourier-transform in-
frared spectroscopy (ATR-FTIR) is used to qualitatively assess the hy-
droxyl functionalities.
Concerning biomedical applications, the mentioned reports mostly use
hydroxylation as a way to alter the bioactivity of a biomaterial or as an
intermediate step towards a platform for immobilization for biomolecules.
This intermediate step is often necessary as it has been hypothesized that
the binding between OH-groups and biomolecules is not through cova-
lent bonds but occurs through physisorption [82]. North et al. created a
hydroxylated surface as a primary step that enables subsequent silaniza-
tion, which will in turn allow the immobilization of biomolecules, as is
shown in Figure 2.6 [83]. Different silanes can be used to get a monolayer
of different functionalities. For example, (3-Aminopropyl)triethoxysilane
(APTES) can be used to create an amine-containing surface, while mer-
captosilane (MPTES) can be used to incorporate thiol-functionalities. Al-
though promising, it seems to be more efficient and less troublesome to
opt for a direct incorporation of the desired functionality instead of a
hydroxylation-silanization combination. This is probably one of the rea-
sons for the low amount of publications concerning hydroxylation. An-
other reason can be found in the work of Ko et al. This study compared
the effect of carboxylation, amination and hydroxylation of a Ti surface
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on its bioactivity by performing plasma polymerization of acrylic acid,
allyl amine and allyl alcohol, respectively [85]. Upon immersion in SBF,
the differently functionalized Ti surfaces exhibited different behaviors in
terms of bone-like apatite formation. Although the hydroxylated Ti sur-
faces showed improvements compared to untreated Ti, they performed
remarkably less in terms of apatite growth rate compared to carboxylated
Ti surfaces.
These problems notwithstanding, hydroxyls can be useful in specific situ-
ations. A noteworthy example is found in the work of Curran et al., where
it is shown that different functionalities have the ability to induce diverse
differentiation of mesenchymal stem cells (MSC) [87]. Hydroxylated sur-
faces, created by using plasma polymerization of allyl alcohol, were shown
to induce chondrogenic differentiation of MSCs, while aminated surfaces,
created by using plasma polymerization of allyl amine, induced osteogenic
differentiation. Therefore, hydroxylated scaffolds might be favorable for
cartilage repair, while aminated scaffolds might be more useful for repair-
ing bone defects.
2.5 SOx(H)-surfaces
SOx(H)-functionalized surfaces have attracted interest in a wide range of
applications such as water purification, fuel cells and biomaterials. In the
case of biomaterials, surfaces containing SO3-, SO3H- and SO4-functional
groups can be of great importance for the material’s hemocompatibil-
ity as they show remarkably high blood compatibility because of their
decreased platelet adhesion. Literature shows that research concerning
the incorporation of SOx(H) functionalities on biomaterials is focused
on plasma functionalization using sulfur dioxide (SO2) plasmas or co-
polymerization of SO2 with hydrocarbons. However, the fabrication of
SOx(H)-surfaces through plasma based methods has several practical is-
sues as SO2 is known for its high toxicity, which limits its practical use,
and SOx(H)-containing monomers have low volatilities at room temper-
ature, which makes it difficult to inject them into a plasma chamber in
a vapor phase. Nevertheless, research into the SOx(H)-functionalizing of
biomaterials and circumventing these technical difficulties is happening.
In spite of its high toxicity, a number of studies have used an SO2-
containing plasma to functionalize different polymer surfaces such as polyethy-
lene [88], polypropylene [88], PCL [89], PET [90] and polyester [88]. Re-
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search shows that increasing the plasma power, the treatment time and the
SO2 flux, seems to favor the formation of highly oxidized sulfur function-
alities. When a pure SO2 plasma is used, also sulfide and sulfoxide bonds
are incorporated into the surfaces. However, adding a small amount of
oxygen to the discharge gas, seems to be sufficient to remove these bonds
almost entirely [88]. On the other hand, adding a small amount of H2
to the discharge gas, tips the scale back to the side of the sulfide and
sulfoxide bonds, as hydrogen is know to have a reducing effect. Finally,
using a remote plasma treatment instead of a direct plasma treatment
seems to results in a mix of sulfur-containing functionalities, even if the
same parameters for a direct treatment that does not lead to sulfide and
sulfoxide bonds, are used.
For the fabrication of thin SOx(H)-containing films through plasma poly-
merization, another problem arises. Direct plasma polymerization of these
monomers is therefore not possible in practice. A limited amount of
studies tried to circumvent this by using SO2 for copolymerization or
post-polymerization functionalization. In the former case, SO2 has been
copolymerized with hydrocarbons and perfluorobenzene. In the latter
case, an SO2 plasma was applied to functionalize 1,7-octadiene and hep-
tylamine plasma polymers [91]. Yet again the high toxicity of SO2 lim-
its the industrial applicability of these techniques. To overcome all this
limitations, Akhavan et al. developed a two-step process, consisting of
plasma polymerization of thiophene, followed by functionalization using
an oxygen-containing plasma [92]. A schematic of this process is shown in
Figure 2.7. Their results show that increasing the functionalization time,
increases the concentration of the SOx(H)-functionalities on the surface.
Quantification of the SOx(H) concentration is mostly performed through
XPS-analysis. Every S-containing functionality will have its own BE and
therefore its own contribution to the S2p peak, which is situated around
162-174 eV in the XPS spectrum; e.g. sulfites (SO 2–3 ) typically have a
BE of 169 eV. Deconvolution allows quantifying the contributions of the
different functionalities.
As stated in literature, SOx(H)-functionalities display antithrombogenic
effects by reducing adhesion and activation of blood platelets. This is ex-
tremely important for the production of implants that are always in direct
contact with blood, such as synthetic vascular grafts. However, research
shows that the adhesion of cells to polymer surfaces containing SOx(H)-
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Figure 2.7: Schematic illustration of a novel two-step process consisting of
plasma polymerization and oxidative plasma treatment for the fabrication
of SOx(H)-functionalized surfaces.[92]
functionalities is not as promising as for amine or carboxyl functionalities
[89]. Human umbilical vein endothelial cells (HUVEC) initially showed
poor and impaired adhesion on SO2 plasma treated PCL. However, once
the cells were attached to the surface, proliferation was more pronounced
than for untreated samples.
2.6 Siloxanes
Siloxane coatings, which contain a Si−O−Si linkage, have been extensively
used in the packaging and semi-conductor industries because of their in-
teresting chemical and physical characteristics. Over the last decade,
research concerning the use of siloxane coatings in the biomedical sector
has shown that they have good biocompatibility. Due to the impressive
range in wettability that can be obtained with these coatings, they are
very interesting for tailoring the biological response of a biomaterial and
controlling the adsorption of specific cells or proteins. The only plasma
based way to obtain siloxane coatings is through plasma polymerization
of an organosilicon like hexamethyldisiloxane (HMDSO) or tetraethyl or-
thosilicate (TEOS). Most of the found research focuses on plasma poly-
merization of HMDSO.
Plasma polymerized siloxane films can be divided into 2 categories, the
polymer-like organosilicon film with −CH3−Si−O− bonds and the inor-
ganic SiOx-like film. Yoshinari et al. performed plasma polymerization of
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HMDSO and obtained a hydrophobic polymer-like organosilicon coating
with a contact angle of 106◦ [93]. Afterwards, O2 plasma activation is
performed with an increasing treatment time. XPS-analysis shows that
the coating’s chemistry shifted from polymer-like to an inorganic SiOx-like
coating, which had superhydrophilic properties. This is confirmed by the
FTIR-analysis of siloxane coatings on 316L stainless steel performed by
Gandhiraman et al.[94]. Moreover, the adhesion strength of the silica-like
coating to the stainless steel substrate seemed to be significantly higher
than the polymer-like coating, which the authors attribute to the forma-
tion of -Fe-O-Si and -Cr-O-Si bonds. Kim et al. used powers between
10 and 100 W for the plasma polymerization of HMDSO and saw that
increasing the plasma power leads to more fragmentation of the precursor
and less Si−CH3 groups in the resulting film [95]. On the other hand,
Bayram et al. found with a similar system that increasing the power
from 25 to 50 W results in a slight increase of the water contact angle
of the deposited siloxane coating [96]. Zhou et al. used an APPJ with
a DBD design for the polymerization of HMDSO and tested both pure
Ar and an Ar/O2 mixture as working gas [97]. The former resulted in a
polymer-like film, while the latter resulted in a silica-like coating, showing
again that the addition of O2 leads to the shift of Si−CH3 groups to SiO
bonds. Interestingly, the deposition speed for the polymer-like coating
was significantly higher than the deposition speed for the silica-like coat-
ing. Moreover, the authors noted that not only the coating’s chemistry
but also its morphology is highly affected by the addition of O2 in the
working gas. As can be seen in Figure 2.8, the morphology changes from
a smooth surface to a granular structure with increased surface roughness.
Stallard et al. tested He/O2 and He/N2 mixtures for the working gas in
the APPJ polymerization of TEOS and HMDSO, respectively [98]. The
He/O2/TEOS combination led to superhydrophilic coatings (WCA <5
◦),
while the He/N2/HMDSO combination led to hydrophobic and superhy-
drophobic coatings (WCA >150◦), depending on the N2/HMDSO ratio.
When a foreign material is introduced into the body, it induces an in-
flammatory reaction. The first event taking place after implantation is
protein adsorption onto the surface, which mediates the interaction be-
tween the implant and the inflammatory cells. Research has shown that
fibrinogen (Fn) is the most important protein for initiation of the inflam-
matory response and plays a role in blood clotting by activation of the
blood platelets causing thrombosis. It would therefore be interesting to be
able to control the Fn adsorption. Some researchers have been studying
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Figure 2.8: AFM images of the siloxane films deposited in (a)
Ar/HMDSO, and (b) Ar/O2/HMDSO gas mixtures.[97]
siloxane coatings to do so. Results show that both polymer-like coatings
and silica-like coatings result in a reduced Fn adsorption and a prolonged
blood clotting time [94, 98]. The most influential factor, however, seems
to be the WCA: polymer-like coatings with a moderate WCA are outper-
formed by superhydrophilic silica-like coatings, which are in turn outper-
formed by superhydrophobic polymer-like coatings in terms of reducing
the Fn adsorption. Other research has shown that siloxane coatings can
be used to tune the adsorption behavior of fibronectin, which is a cell
adhesion protein, and albumin, which is a cell adhesion inhibiting protein
[93]. The former seems to adsorb preferentially on hydrophilic surfaces
and results in high cell attachment, while the latter preferentially adsorbs
on hydrophobic surfaces, interfering with cell attachment. Finally, plasma
polymerized siloxane films can be applied for the protection against cor-
rosion of biometals in physiological environments. For example, Ti6Al4V
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cannot form a chemical bond with bone tissue and shows obvious contact
corrosion, which may lead to thrombus formation on the tissue-implant
interface and to corrosion damage of the implant. Most research for cor-
rosion resistance is performed in a NaCl solution, but Zhou et al. claim
to be the first to use a body fluid environment [97]. Their results show
that both a polymer-like and a silica-like coating improve the corrosion
resistance of a Ti6Al4V alloy with one order of magnitude.
2.7 Conclusion
Although most biomaterials have adequate bulk properties for their spe-
cific application, their surface characteristics are often not suitable. Plasma
based surface modification can assist in tuning these characteristics and
incorporating the desired chemical functionalities. Most research concerns
the incorporation of amines, carboxyls, hydroxyls, SOx(H) and siloxanes.
Plasma amination of biomaterials is mostly performed at low pressures
and can be used over a wide range of parameters, which explains its at-
tractiveness. It is used to enhance cell adhesion or to immobilize a wide
range of bioactive molecules through reaction with carboxyls or aldehy-
des. However, research shows that the incorporated amines are not always
stable over time and oxidize relatively easily, which limits their shelf life.
The carboxylation of biomaterials by plasma is usually performed by
CO2-plasma activation or plasma polymerization of a carboxyl-containing
monomer. Using plasma polymers allows for a much higher carboxyl
concentration than plasma activation. To circumvent the water stability
issues of these polymers, often copolymerization with a hydrocarbon is
performed. Carboxylated surfaces are used to enhance the adhesion and
proliferation of different cell types, to improve the formation of an apatite
layer or to immobilize a range of different biomolecules through the prin-
ciple of carbodiimide chemistry.
Literature shows that only a limited amount of research is going into
plasma based hydroxyl functionalization of biomaterials. This is probably
due to the fact that these surfaces are often outperformed by surfaces with
amine and/or carboxyl functionalities. Although hydroxyl-containing sur-
faces prove to be effective as cell-adherent surfaces, the bioconjugation
usually occurs through physisorption and not covalent binding, which
makes them less suitable for immobilizing biomolecules. Nevertheless,
these functionalities can be used as an intermediate step for silanization
or to induce chondrogenic differentiation of MSCs.
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SOx(H)-surfaces have a remarkably high blood compatibility due to their
decreased platelet adhesion and can therefore be of great importance for
biomaterials that come in contact with blood, such as stents. Literature
shows that most research is focused on the use of SO2 plasma functional-
ization or the copolymerization of SO2 with hydrocarbons. However, due
to the high toxicity of SO2 the practical use of these techniques is limited.
Additionally, plasma polymerization of SOx(H) containing monomers is
practically difficult due to their low volatility.
The research concerning siloxanes mostly focuses on the plasma polymer-
ization of HMDSO, which allows for a wide range in surface wettability.
This makes it easy to tune the surface towards specific applications, be
it controlling the adsorption of proteins that support or inhibit cell ad-
hesion. Additionally, siloxane coatings can be used to protect biometals
from corrosion damage in physiological environments. It is clear that non-
thermal plasma technology can play an important role in controlling the
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3.1 Materials
Throughout this dissertation the samples used for characterization of the
surface modification are cut out of an UHMWPE-film, purchased from
Goodfellow Cambridge Ltd. (England), with a thickness of 0.50 mm. The
specific dimension for each study are mentioned in each chapter. For
the cell test, discs with a diameter of 15 mm are punched out of the
UHMWPE-film, while for the CaP deposition square samples of 10 mm
by 10 mm were used. In regard to the pull-out tests, a medical grade
UHMWPE-plate (Chirulen 1020, Quadrant EPP Belgium) is used as these
pull-out tests cannot be performed on the very thin UHMWPE-films.
Pieces with dimensions 30 mm x 9 mm x 4 mm are mulled from the plate.
The bone cement is obtained from Huge Dental Material Co. (China) and
consists of an MMA liquid component and a PMMA resin. Upon adding
the liquid component to the PMMA resin, a bone cement paste with a
curing time of 20 to 30 min is formed. The gasses that are used as work-
ing gas for the plasma or as carrier gas for a precursor throughout this
dissertation, i.e. He, Ar, N2 and air are purchased from Air Liquide (Bel-
gium) and have a purity labeled Alphagaz-1. The MMA precursor (99 %,
30 ppm 4-methoxyphenol (MEHQ) as inhibitor) for all plasma polymer-
ization studies is purchased from Sigma-Aldrich and used as such.
3.2 Surface characterization techniques
3.2.1 X-ray photoelectron spectroscopy
X-ray photoelectron spectroscopy (XPS) is a powerful surface analysis
technique in which chemical states of near surface regions can be deter-
mined. This technique provides a semi-quantitative analysis of the atomic
surface composition and can resolve different types of chemical bonds at
the surface. Photons are used to ionize surface atoms, which results in
ejection of photoelectrons. These photoelectrons are then detected and
measured. Figure 3.1 gives a schematic representation of an XPS setup.
XPS requires an ultra-high vacuum (<10−6 Pa) to prevent contamination
of the specimen surface and interaction of the background gas. Therefore,
the instrument normally consists of a preparation chamber to carry out
initial manipulations and remove any gaseous contaminants left in the
samples. The preparation chamber is followed by an analytical chamber
at ultra-high vacuum, with a photon source, an electron analyzer and a
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Figure 3.1: Schematic representation of an XPS setup.[99]
detector. A monochromatic source of radiation is focused on the speci-
men. In most cases, the X-ray sources that are used are MgKα and AlKα
radiation with corresponding energies of 1253 eV and 1486 eV respectively.
An X-ray photon with a single fixed energy is absorbed by an atom at the
sample surface. This will lead to the ejection of an electron from either
a valence electron shell or an inner core electron shell. These electrons
are called photoelectrons. The ejected photoelectrons are focused onto
the entrance slit of an electrostatic analyzer by an electromagnetic lens
system. The electrons then pass through the hemispherical electron en-
ergy analyzer, which can disperse the emitted electrons according to their
kinetic energy. In this way, the flux of emitted electrons of a particular
energy are measured. These electrons are detected using an electron mul-
tiplier. The kinetic energy Ekin of the emitted electron is given by the
following formula:
Ekin = hν − Eb − φ (3.1)
where ν is the frequency of the incident monochromatic X-ray photons,
Eb the binding energy of the electron to the atom and φ the work func-
tion of the specimen. The work function is the minimum energy that is
needed to liberate an electron from the surface of a particular material.
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Figure 3.2: Energy diagram of the photo-ionisation process.[100]
Looking at the photoelectric effect, a photon with an energy bigger than
the work function is needed in order for photoelectric emission to occur.
Any excess energy is given to the electron as kinetic energy. The previous
is represented in Figure 3.2.
By measuring the energy of the photoelectron and knowing the energy of
the incident photons, the electron binding energy can be determined. It
is this binding energy that permits the identification of the atom under
investigation and that provides information concerning its chemical state.
For each atomic element, there will be a characteristic binding energy as-
sociated with each core atomic orbital i.e. each element will give rise to a
characteristic set of peaks in the photon energy and the respective bind-
ing energies determined by the photon energy and the respective binding
energies. The presence of peaks at specific energies therefore indicates
a specific element in the sample under study. The exact binding energy
of an electron depends not only on the electron shell from which photo-
emission occurs, but also on the local chemical and physical environment.
A major strength of XPS is the ability to identify chemical state changes
that occur at a surface when two or more atoms combine. When two
atoms combine to form a compound, electron transfer occurs between the
atoms, one becoming more positive, the other more negative. This re-
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sults in a shift of the electron binding energies of the electrons by a small
amount, usually between a fraction of an eV and a few eV. These small
shifts in the peak position are responsible for peak broadening. In this
way, XPS can also provide information on the type of bonds formed at the
surface. The intensity of the peaks is expressed by the peak area and is
proportional to the relative abundance of the element within the analyzed
region of the sample surface. A quantitative analysis of the atomic surface
composition can be determined through a so-called survey scan, i.e. an
XPS spectrum with a wide energy frame and a relatively low resolution.
When doing XPS experiments this is the first spectrum recorded. For an
accurate determination of the binding energy of a specific electron level,
a narrow energy frame is placed around a specific XPS peak, where the
spectrum is recorded with a high resolution and a small energy step. In
this high resolution spectrum, deconvolution of overlapping peaks is per-
formed to resolve the different types of chemical bonds. The intensity of
the XPS peak is only determined by the photoelectrons that reach the de-
tector without energy loss. The photoelectrons that lose energy through
elastic or inelastic collisions within the sample surface contribute to the
background or deviate from the detection line. Consequently, an XPS
spectrum only provides information on the top atomic layers (up to 5 -
10 nm, or roughly 20 - 40 atomic layers). The spectra can be strongly
influenced by the relative orientation of the source, sample and detector.
In this manuscript, XPS surface analysis of UHMWPE samples is per-
formed on a PHIVersaprobe II spectrometer employing a monochromatic
Al Kα X-ray source (hν = 1486.6 eV) operating at 23.3 W. All measure-
ments were conducted in a vacuum of at least 10−6 Pa and the photoelec-
trons were detected with a hemispherical analyser positioned at an angle
of 45◦ with respect to the normal of the sample surface. Survey scans
and individual high resolution spectra (O1s and C1s) were recorded with
a pass energy of 187.85 eV and 23.5 eV, respectively. Elements present
on the UHMWPE surfaces were identified from XPS survey scans and
quantified with Multipak software using a Shirley background and apply-
ing the relative sensitivity factors supplied by the manufacturer of the
instrument. Multipak software is also used to curve fit the high resolution
C1s peaks. The hydrocarbon component of the C1s spectrum (285.0 eV)
is used to calibrate the energy scale. In a next step, the peaks are de-
convoluted using the Gaussian–Lorentzian peak shapes and the full width
at half maximum (FWHM) of each line shape is constrained below 1.8 eV.
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Experimental parameters
Instrument
Physical Electronics PHI 5000 VersaProbe II
Al monochromatic X-ray (1486.6 eV)
Neutralisation: Ar ions + e−
Experimental parameters
Pressure: <5× 10−6 Pa
Point measurement: 200 µm
Area measurement: 600 µm x 100µm
Number of sweeps: 12-15
Power: 50 W
Spectrum recording details:
Survey scan region: 0 - 1100 eV
Survey pass energy: 187.85 eV
Survey scan eV/step: 0.8 eV
Detail scan region: 20 eV
Detail pass energy: 23.5 eV
Detail scan eV/step: 0.1 eV
Software
PHI Multipak V.9
Calibration point: 285.0 eV for C−C bond
3.2.2 Atomic force microscopy
Atomic force microscopy (AFM) generates images by scanning the con-
tour of a sample with a probe. The image is created by quantifying the
forces between the probe and the sample surface. AFM was initially only
used for the study of material surfaces, but due to its very high-resolution
images it can also be used for the imaging of biological samples. The probe
that is used, consists of a cantilever, usually made from silicon or silicon
nitride, with a very sharp tip at the end. The cantilever will scan above
the surface by moving back- and forward. During this scanning, there will
be interactions between the tip of the cantilever and the sample surface,
such as van der Waals forces or adhesive forces. Due to these interactions
with the surface, the tip of the cantilever will follow the topography of the
surface. In other words, the force exerted on the tip varies with the height
of the surface and leads to bending of the cantilever. Meanwhile, a laser
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Figure 3.3: Schematic representation of the principle of AFM. A different
position of the cantilever, due to a change in the surface topography, will
result in a different signal coming from the photodetector.[101]
beam is constantly reflected from the top of the cantilever towards a pho-
todetector. In this way, the position of the cantilever can be determined.
As a result, AFM will record a 3D-image of the topography of the sample
surface under a constant applied force. A very high resolution image can
be obtained without damaging the sample surface. The principle of AFM
is schematically represented in Figure 3.3.
AFM has different operating modes: next to the non-contact mode, it can
be operated in a contact mode or a tapping mode. During the contact
mode, the tip makes soft physical contact with the sample. Consequently,
the force acting on the cantilever will be a repulsive interatomic force
due to the small distance between the sample and the cantilever (a few
Ångstroms). In the non-contact mode, this force will be an attractive
force due to the bigger distance between the sample surface and the can-
tilever. Figure 3.4 gives a graphical representation of this force-distance
relationship. There is one particular disadvantage that is associated with
the contact mode: the integrity of the sample surface can be compro-
mised. This is especially the case for soft samples. The contact mode will
yield a very low resolution with these soft samples. This can be overcome
by using a tapping mode, in which the AFM tip oscillates vertically and
alternately makes contact with the surface and lifts off. When the tip
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Figure 3.4: Graphical representation of the van der Waals force versus
distance relationship.[102]
comes closer to the surface, the forces on the cantilever will result in a de-
crease of the amplitude of the oscillation. Thus, during the tapping mode,
also called intermittent contact AFM, the image is created by imaging the
force of the oscillating contacts of the tip of the cantilever with the sample
surface.
In this manuscript, the UHMWPE surface topography and roughness is
examined using an XE-70 atomic force microscope (Park Systems) in a
non-contact mode with a silicon cantilever (NanosensorsTMPPP-NCHR)
and XEP software is used for surface roughness analysis after the recorded
images are modified with an X and Y plane auto-fit procedure. The
Park Systems XEI data processing software allows to determine several
roughness measures of each sample. For each sample, the root-mean-
square value of the surface roughness, Rq, is determined. The software
also allows AFM image processing and optimization.




Cantilever: PPP-NCHR 10M non-contact cantilever
Experimental parameters
Image quality: 256x256
Scan size: 15µm or 40µm
Scan rate: 0.5 - 1.0 Hz
Software
Park Systems XEP operating software
Park Systems XEI data processing software
3.2.3 Water contact angle goniometry
Static water contact angle goniometry is a simple and widely used test
to evaluate the wettability of the surface under investigation, e.g. poly-
mer films or metals. The technique consist of putting a small droplet
of distilled water or other liquids on the material surface and measuring
the contact angle of this droplet with the surface. Figure 3.5 gives an
indication of how a static contact angle is measured. The contact an-
gle, depicted as α in Figure 3.5, is defined as the angle between the solid
surface and the tangential line drawn through the three phase boundary,
where a liquid, gas and solid interact. Figure 3.5 shows that the contact
angle will depend on the hydrophilicity of both the liquid and the surface.
When a droplet of distilled water is used, a hydrophobic surface will re-
sult in a relatively high contact angle as opposed to a hydrophilic surface.
The contact angle is a measure of the relative amounts of adhesive (liquid
to solid) and cohesive (liquid-liquid) forces counteracting each other and
varies over the range 0◦ ≤ α ≤ 180◦.
The instrument that was used to perform the measurements is a KRÜSS
EasyDrop contact angle measuring instrument. Droplets of distilled wa-
ter with a volume of 1 µl were used. The contact angle was measured
immediately after placement of the droplet on the surface.
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Figure 3.5: Principle of contact angle measurements. Left: Surface with
low wettability and resulting high contact angle. Right: Surface with high
wettability and resulting low contact angle.[103]
3.2.4 Fourier-transform infrared spectroscopy
In Fourier transform infrared spectroscopy (FTIR), IR radiation is passed
through a sample. Some of the infrared radiation is absorbed by the sam-
ple and some of it is transmitted. The resulting spectrum represents the
molecular absorption and transmission. Since different molecular struc-
tures will produce a different infrared spectrum, the resulting FTIR spec-
trum of the sample will be its molecular fingerprint. FTIR can be used
to identify unknown materials, to determine the quality or consistency
of a sample or to determine the amount of components in a mixture. It
is a non-destructive technique without the need for external calibration.
Obtaining a FTIR spectrum can be done in the order of seconds. FTIR is
considered as a very fast technique, since all frequencies are measured si-
multaneously, as opposed to older methods. The simultaneous measuring
of all infrared frequencies is done by means of an interferometer, which
produces a unique type of signal which has all of the infrared frequencies
encoded into it. The measured interferogram signal cannot be interpreted
directly and needs to be decoded into a frequency spectrum, i.e. a plot
of the intensity at each individual frequency. This is done by Fourier
transformation of the interferogram.
In this manuscript, FT-IR analysis is performed on the UHMWPE sam-
ples making use of a Bruker Tensor 27 (Bruker) spectrometer equipped
with a single reflection ATR accessory (MIRacleTM, Pike technology) us-
ing a germanium crystal as an internal reflection element. The FT-IR
spectra are recorded using an MCT-detector (liquid N2 cooled) with a
resolution of 4 cm−1. 32 background scans and 64 measurement scans are
made for each sample.




MCT detector - N2 cooled
Experimental parameters
Number of scans: 32 or 64
Resolution: 4 cm−1
Scan region: 4000 cm−1 - 700 cm−1
3.2.5 Scanning electron microscopy
In scanning electron microscopy (SEM), electrons are irradiated on the
surface of a sample in a vacuum environment. Making use of a combina-
tion of electrical and magnetic fields, the electron beam is locally focused
onto the sample, after which different surface interactions can occur: re-
flection of high-energy electrons through elastic scattering, emission of sec-
ondary electrons through inelastic scattering, electron absorption, x-ray
emission and photo-emission out of the sample. The relative occurrence
of these processes depend on the surface chemistry and topography of the
sample. The continuous bombardment of electrons can lead to surface
charging if the sample is non-conductive. This surface charging can cause
drifting of the image, as well as local heating and degradation. In order
to avoid this, the samples are often coated with a thin conductive layer
(typically around 10 nm) of heavy elements such as gold.
The SEM images in this manuscript are obtained with an JEOL 6000
SEM. Prior to the analysis, the samples were coated with a thin gold layer,
using a gold sputter coater (JFC-1300 autofine coater, JEOL, Japan). The
images were obtained at an accelerating voltage of either 7 or 10 kV, a
spot size of 30 and at 40x-15000x magnifications.
3.2.6 Optical reflectance spectroscopy
Optical reflectance spectroscopy allows the determination of the thickness
of thin films. This is done by measuring the number of reflections a fo-
cused UV-VIS light source makes within the thin film. Together with the
refractive index of the material under investigation, this method allows
the determination of the film thickness down to 1 nm, in theory.
In this manuscript, optical reflectance spectroscopy is done on silicon
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wafers (Siegert Wafers) making use of a Filmetrics F20 (Filmetrics) de-
vice. A fitting of an acrylic on SiO2 is used, with air as a medium.
3.3 Cell tests
Cell growth and proliferation after implantation of a shoulder prosthesis
are dominant factors for the integration of the prosthesis in the present
anatomical structures. It is therefore important to perform cell tests
on the surface-activated UHMWPE in order to assess the effect of a
plasma treatment on cell growth and proliferation. For this disserta-
tion, mouse calvaria 3T3 (MC3T3) cells are cultured onto the samples
for 1 week. These MC3T3 cells can be categorized as (pre-)osteoblasts,
or bone forming cells, that originate from the skull of a mouse embryo.
Before culturing the cells, the samples are subjected to UV steriliza-
tion for 30 min. The cells are cultured with a density of 20000 cells
per ml, with 1 ml per sample. After 24 h and/or after 7 days, cell vi-
ability is analyzed with a CellTiter 96 R© aqueous non-radioactive cell
proliferation assay (Promega, USA). This assay measures the cellular
conversion of (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-
2-(4-sulfophenyl)-2H-tetrazolium) (MTS) into a soluble formazan dye by
the mitochondrial NADH/NADPH-dependent dehydrogenase. The ab-
sorbance of the formazan dye in the solution is measured with a 490 nm
universal microplate reader EL 800 (BioTek Instruments, USA). The cell
viability is calculated as a percentage of a control culture and each sample
condition is tested in triplicate. Additionally, after 1 week, a live/dead as-
say is performed, during which the cells are subjected to two color agents:
calcein AM (Anaspec, USA) and propidium iodide (Sigma Aldrich, Bel-
gium). The former is used to indicate intracellular esterase activity and
will give living cells a green fluorescent color, while the latter is used to
indicate the loss of cell plasma membrane integrity and will give dead cells
a red fluorescent color. Fluorescence images are obtained with a fluores-
cence microscope (Olympus IX 81) making use of appropriate filter.
3.4 Pull-out tests
For the pull-out tests, medical grade UHMWPE samples are fixed in an
MMA-based bone cement cylinder with a height of 40 mm and a diameter
of 20 mm. The samples have a length of 30 mm, a width of 9 mm and a
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depth of 4 mm, and are fixed into the bone cement over a length of 10 mm.
A sample holder (see Figure 3.6 and Figure 3.7) was specially designed in
order to be able to do this in a reproducible manner. Figure 3.8 shows
an UHMWPE sample fixed in bone cement. Next, the samples are pulled
out of the bone cement by a universal testing machine LRX plus (Lloyd
Instruments, Bognor Regis, UK) with a fixed moving speed of 2 mm/min.
For each condition, 10 samples are made and tested.
Figure 3.6: Picture showing the sample holder, specially designed to fix
the UHMWPE samples in bone cement.
Figure 3.7: Picture showing the inside of the sample holder, specially
designed to fix the UHMWPE samples in bone cement.
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Figure 3.8: Picture showing an UHMWPE sample fixed in bone cement.
3.5 Calcium phosphate deposition
In vitro bioactivity of plasma treated UHMWPE is investigated by im-
mersion of the samples in 2.0 SBF. Prior to the immersion, the samples
are subjected to 6 cycles of alternate dipping. Each cycle consists of the
following steps:
• 60 s in 1000 mM Ca2+ (CaCl2 · 2 H2O; Merck 2382)
• 30 s in H2O (for rinsing)
• 60 s in 600 mM HPO 2–4 (Na2HPO4 · 2 H2O; Merck 6580)
• 30 s in H2O (for rinsing)
2.0 SBF is prepared with the following components: NaCl (VWR Prolabo
27810.295), NaHCO3 (Merck 6329), KCl (Merck 4936), K2HPO4 (Merck
5104), MgCl2 · 6 H2O (Merck 5833), CaCl2 · 2 H2O (Merck 2382), Na2SO4
(Merck 6647) and tris(hydroxymethyl)-aminomethane (VWR Prolabo 103156
X). These components are dissolved in deionized water as described in the
protocol of Kokubo et al.26 and the pH is adjusted to 7.4 with a 1 M HCl
solution. To assess the nucleation of the CaP, 5 samples of each condition
are immersed in 2.0 SBF. After 14 days, FTIR spectra of the CaP-coatings
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are recorded using a Spectrum One spectrometer (Perkin Elmer Instru-
ments, U.S.) for wavelengths between 4000 and 400 cm−1 with a resolution
of 1 cm−1. Additionally, surface morphology analysis is performed using a
JEOL JSM-6010 PLUS/LV scanning electron microscope (SEM). Prior to
the SEM measurements, the samples are coated with a gold coating using
a gold sputter coater (JFC-1300 autofine coater, JEOL, Japan). SEM
images are acquired with an accelerating voltage of 7 kV at a working
distance of 10 mm. Finally, optical micrographs are also recorded to ob-
tain a comprehensive view of the homogeneity of the CaP deposition. All
optical micrographs are recorded using a DZ 1100 stereomicroscope with
a CMEX 5000 camera (Euromex). Image focus v3.0 is used to analyze
the images. For the growth of the CaP deposition, 14 samples of each
condition are immersed in 2.0 SBF, which is renewed every 3 days. In
intervals of 1 week, 2 samples are taken out of the SBF and analyzed with
SEM.
3.6 Computational fluid dynamics modeling
Computational fluid dynamics (CFD) simulations of the gas flow dynamics
have been performed using the commercial CFD software code Comsol
Multiphysics 4.4A and the design of the plasma jet used in this work was
mimicked in the software package. Under the assumption of a laminar
flow, which is indeed the case for the relevant gas flow rates, the software is
used to solve the Navier-Stokes equations, which are described as follows:
ρ(u · ∇)u = ∇ · [−ρI + µ(∇u + (∇u)T )− 2
3
µ(∇ · u)I] + F (3.2)
∇ · (ρu) = 0 (3.3)
where ρ is the gas density (kg/m3), u the gas velocity (m/s), I the identity
matrix, µ the dynamic viscosity (Pa·s), F a volume force (N/m3) and ∇
the differential operator. The outlet in the model is determined as the
pressure outlet. All other boundaries are represented as walls with a
stationary no-slip condition (u = 0) and a normal-sized mesh with a free
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4.1 Introduction
Chapter 4 is focused on showing the potential of non-thermal plasma
technology as a surface modification technique to enhance the adhesion
of UHMWPE shoulder prostheses. Medium pressure plasma activation
as well as atmospheric pressure plasma polymerization of MMA is per-
formed on medical grade UHMWPE to increase the adhesion between the
polymer and a PMMA bone cement, and to enhance the cellular interac-
tions with UHMWPE. Plasma activation is used to increase the oxygen
content of the material’s surface, while plasma polymerization of MMA is
used to deposit a PPMMA thin film. The effect on of both techniques on
osteoblast proliferation and adhesion to bone cement of the UHMWPE is
investigated.
4.2 DBD setup
Both plasma activation and plasma polymerization experiments are per-
formed in a DBD reactor. Figure 4.1 shows the schematic of the DBD
reactor used for activation. The discharge is generated between 2 circular
copper electrodes, which have a diameter of 65 mm and are covered by
a glass plate that functions as a dielectric barrier. The gap between the
electrodes is 7 mm. The lower electrode is connected to earth through a
50 Ω resistor or a 10 nF capacitor, while the upper electrode is connected
to a 5 kHz AC high voltage power source. The UHMWPE samples are
fixed on the lower glass plate using tape followed by pumping the reactor
to 0.1 kPa using a rotary vane pump. Subsequently, the reactor is filled
with the gas of choice at a rate of 3 standard liters per minute (slm) un-
til a pressure of 90 kPa is reached. At this sub-atmospheric pressure, the
plasma reactor is flushed at 3 slm with the working gas for 3 min to obtain
a controllable gas composition. Finally, the pressure is lowered to 5 kPa,
the gas flow is adjusted to 1 slm and plasma activation is performed by
turning on the plasma source for a specific time interval.
Plasma polymerization experiments are done in a second DBD reactor,
which is schematically presented in Figure 4.2. The discharge is generated
between 2 circular copper electrodes with a diameter of 55 mm, which are
both covered by a glass plate. The gas gap between the electrodes is set
to 3.5 mm for the 0.5 mm thick samples used during the cell tests and
is set to 8.5 mm for the 4 mm thick samples used for the pull-out tests.
The lower electrode is connected to earth through a 50 Ω resistor or a
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Figure 4.1: Schematic representation of the DBD plasma activation re-
actor. 1: gas bottle; 2: mass flow controller; 3: DBD plate reactor; 4:
manometer; 5: pressure valve; 6: oil pump.
10 nF capacitor, while the upper electrode is connected to a 50 kHz AC
high voltage power source. The UHMWPE samples are fixed on one of
the glass plates using tape, which is followed by pumping the reactor to
0.1 kPa using a rotary vane pump. Subsequently, the reactor is filled with
He at 3 slm to atmospheric pressure. At this pressure, the plasma reac-
tor is flushed at 3 slm for 3 min to obtain a controllable gas composition.
After the flushing step, the monomer is introduced into the reactor by
sending a small secondary He flow through a gas bubbler containing the
MMA monomer. Both the main and secondary He flow are controlled by
a mass flow controller (Bronkhorst R©, The Netherlands). The secondary
flow is maintained at 100 ml/min, while the total gas flow is maintained
at 3 slm. The discharge power is kept constant at 30 W during the experi-
ments, which are conducted for a fixed treatment time of 4 minutes. These
values are optimal for MMA plasma polymerization as can be found in
previous work [104]. For both plasma activation and plasma polymeriza-
tion, the discharge power is calculated based on Lissajous figures. These
Lissajous figures are voltage versus charge plots, which can be obtained
by measuring the applied high voltage using a 1000:1 high voltage probe
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Figure 4.2: Schematic representation of the DBD plasma polymerization
reactor. 1: gas bottle; 2: mass flow controller; 3: gas bubbler containing
MMA; 4: DBD plate reactor; 5: manometer; 6: pressure valve; 7: oil
pump.
(Tektronix P6015A) connected to the upper electrode as well as the charge
stored on the electrodes. This charge can be determined by measuring the
voltage across the 10 nF capacitor using a 60 MHz oscilloscope probe (Pi-
cotech MI007). The resulting Lissajous figures are subsequently used to
determine the discharge power, since the electrical energy consumed per
voltage cycle is equal to the area enclosed by the Lissajous figure [105].
The discharge power P is then calculated by multiplying the electrical
energy with the frequency of the feeding voltage (5 kHz).
4.3 Results and Discussion
4.3.1 Surface modification
Research has shown that the effect of plasma activation on a polymeric
substrate, i.e. the incorporation of functional groups, increases with
increasing energy density until the substrate surface is saturated [104,
106, 107]. Once the surface is saturated, an increase in energy density
will not result anymore in an increase in functional group density. As
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this saturation region strongly depends on the substrate, it is crucial to
first investigate what energy density is required to have a fully saturated
UHMWPE surface. To examine this, the treatment time and the corre-
sponding energy density required to reach this saturation need to be first
determined for each plasma gas by measuring the contact angle of acti-
vated UHMWPE samples at increasing treatment times. The saturation
treatment times and energy densities are reached when the contact angle
does not decrease anymore with increasing energy density. The obtained
saturation values are presented in Table 4.1 for each discharge gas. The
UHMWPE samples activated with the resulting energy densities have also
been analyzed using XPS and the resulting chemical compositions are also
shown in Table 4.2. The saturation energy densities for N2 and air plasma
are almost similar and the highest, followed by the energy density for Ar
plasma and He plasma. The fact that the saturation energy density for
the He plasma treatment is much lower can be explained by the fact that
the Penning effect is more efficient in a He atmosphere, creating more re-
active species than in an Ar, air or N2 atmosphere [108]. The saturation
contact angle ranges between 30◦ for the N2 plasma and 50
◦ for the He
plasma. In comparison, the contact angle of the untreated UHMWPE
plate is 85◦. The XPS results show that plasma activation results in a
higher oxygen concentration on the sample surface compared to the un-
treated UHMWPE plate, which also contains 5 % of oxygen. The amount
of incorporated oxygen ranges between 16 % for the He plasma and 24 %
for the Ar plasma. These results are consistent with other research stud-
ies, which have shown that Ar plasma is more efficient in creating radicals
on a polymer surface than He plasma [109]. In the case of N2 and air dis-
charges, also a small amount of nitrogen is incorporated into the surface.
The fact that He, Ar and N2 discharges result in the integration of oxygen
is due to a combination of oxygen impurities present in the discharge gas
and post-oxidation of the radicals created by the plasma on the sample
surface. The impurities can come from residual air present in the reactor
or from gaseous products that are desorbed from the reactor wall by the
plasma, while the post-oxidation occurs after the samples are taken out of
the reactor enabling the created radicals to react with the surrounding air.
To examine which chemical groups are present on the surface of the plasma
treated samples, curve fitting of the detailed C1s peaks is also performed.
Based on literature, the obtained C1s envelopes of the plasma treated sam-
ples can be decomposed into 4 distinct components: a peak at 285.0 eV
attributed to C−C/C−H bonds, a peak at 286.7 eV due to C−O bonds
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Table 4.1: Discharge power, saturation treatment time, saturation energy













N2 1.89 90 5.12 30.0
Air 2.00 90 5.43 48.7
Helium 0.65 90 1.76 50.2
Argon 1.12 130 4.73 36.8
Untreated / / / 85.2
Table 4.2: Atomic concentration for each discharge gas.
Carbon (%) Oxygen (%) Nitrogen (%)
N2 78.4 ± 1.6 19.3 ± 1.6 2.3 ± 1.6
Air 75.8 ± 0.4 22.7 ± 0.4 1.5 ± 0.4
Helium 83.9 ± 0.3 16.1 ± 0.3 /
Argon 76.4 ± 0.6 23.6 ± 0.6 /
Untreated 95.2 ± 0.4 4.8 ± 0.4 /
(alcohols and ethers), a peak at 287.7 eV corresponding to C−O bonds
(aldehydes and ketones) and a peak at 288.9 eV attributed to O−C−O
bonds (carboxylic acids and esters) [109]. Within this context, it is also
important to mention that the identification of the functional nitrogen-
containing groups on the air and nitrogen plasma treated samples is very
difficult, since there are large discrepancies in binding energies published
in literature for carbon-nitrogen species and since the energy difference
between some carbon-oxygen and carbon-nitrogen species is too small to
allow separation of the peaks. Taking into account these issues and the
very low incorporation of nitrogen species compared to oxygen species, it
does not seem to be opportune to take into account these carbon-nitrogen
species during the curve fitting process.
Based on the fitted C1s envelopes, the concentration of each chemical
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Table 4.3: C1s deconvolution results for each discharge gas.
C−C/C−H (%) C−O (%) C−O (%) O−C−O (%)
N2 75.8 17.9 1.5 4.8
Air 75.5 17.8 1.4 5.3
Helium 78.5 17.7 0.2 3.6
Argon 75.9 17.2 2.1 4.8
functionality can be determined and the results can be found in Table
4.3. As can be seen from this table, oxygen is integrated in the UHMWPE
surface as several functional groups, however, it is clear that most of the
incorporated oxygen forms a single bond with carbon. However, there are
also some small amounts of ketones and/or aldehydes (1-2 %) as well as
carboxylic acids and/or esters (3-5 %) present on the surface of the plasma
treated samples. In comparison, plasma polymerization of MMA results
in a PPMMA coating with a carbon and oxygen concentration of 81 % and
19 % respectively. The curve-fitted C1s envelop of the deposited coating
can be fitted with 4 peaks: a peak at 285.0 eV attributed to C−C/C−H
bonds, a peak at 286.0 eV assigned to the C−C−O bonds, a peak at
286.9 eV due to C−O bonds and a peak at 288.9 eV attributed to O−C−O
bonds [110]. In contrast to the plasma activated samples, the peaks at
286.9 and 288.9 eV can now be solely attributed to ketones and esters
respectively since previously determined FTIR spectra of the deposited
coatings have shown that the deposits do not contain OH groups [104].
Based on the curve-fitted C1s envelop, the concentration of each chemical
functionality can be determined and it is found that approximately 7 %
of the carbon is present as ester groups. This value is low compared
to the value obtained for commercial PMMA (14 %) due to the partial
decomposition of the monomer during the plasma polymerization process.
4.3.2 Pull-out tests
As mentioned before, the major goal of this study is to improve the
adhesion between medical grade UHMWPE and bone cement by using
plasma activation and plasma polymerization. The adhesive properties of
UHMWPE are therefore examined in detail by means of pull-out tests.
Plasma modified UHMWPE samples are pulled out of the bone cement
cylinder and the required pull-out force is normalized over the contact area
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between the sample and the bone cement. The resulting pull-out stress
serves as a measure for the adhesion between UHMWPE and PMMA bone
cement and is represented for each plasma modification procedure in Fig-
ure 4.3. Untreated UHMWPE has a mean pull-out stress of 0.47 MPa
and a standard deviation of 0.28 MPa, meaning that there is a very high
variation in pull-out stresses for untreated UHMWPE. This might be
caused by the milling process. The mean pull-out stress however clearly
increases when the samples are plasma activated or coated with PPMMA
and are situated between 0.92 MPa for He plasma activated samples and
1.43 MPa for Ar plasma activated samples. Applying a Student’s t-test
with a significance level of 0.05 to the measured pull-out stresses shows
that all used plasma treatments result in a significantly improved adhe-
sion between the UHMWPE and the PMMA bone cement compared to
untreated UHMWPE. Together with the XPS-results, this shows that in-
corporating oxygen containing functional groups on the polymer surface
enhances the adhesion between the two materials. This can be attributed
to an increase in van der Waals forces. Applying a Student’s t-test with a
significance level of 0.05 to compare the different plasma treatments with
each other shows that the air and argon plasma activated samples have a
statistically better adhesion than nitrogen and helium plasma activated
samples. This can be attributed to the higher amount of oxygen present
on the air and argon plasma activated samples (see XPS-results in Table
4.2). The higher the amount of oxygen, the stronger the intermolecu-
lar forces between the two interfaces will be. Next to this, there is no
statistical difference in pull-out stress between the plasma polymerized
samples and the air and argon plasma activated samples. There is less
oxygen present on the surface of the plasma polymerized samples, which
should result in a lower pull-out stress for these samples. However, the
amount of ester groups on the PPMMA coatings is higher than the amount
present on the Ar and air plasma activated samples. As the bone cement
is based on PMMA, which contains ester functionalities, the more ester
functionalities are present on the plasma treated samples, the stronger
the interaction between both materials will be. The lower amount of oxy-
gen but higher amount of ester functionalities on the plasma polymerized
samples therefore results in an adhesion that is statistically equal to the
adhesion of air and Ar plasma treated samples. Finally, the high variation
in pull-out stress of the untreated UHMWPE is not ideal when using it in
shoulder prostheses and should be avoided. The use of plasma treatment
however decreases this variation to some extent which can be beneficial
when using the material as shoulder prosthesis.
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Figure 4.3: Pull-out stress for untreated, plasma activated and plasma
polymerized UHMWPE samples.
At this point, there seems to be no significant difference between an Ar
plasma activation or plasma polymerization of MMA on the surface. This
would give a clear benefit to the use of Ar plasma activation, as this
method uses less chemicals and has a simpler set-up than the plasma
polymerization process. However, research has shown that the effect of
plasma activation diminishes over time [111–113], while plasma polymer
coatings are not prone to ageing effects [114, 115]. To test the ageing
effect on the pull-out stress, 3 samples were Ar plasma activated and
2 samples were plasma polymerized. All 5 samples were stored under
ambient conditions for 48 h and subsequently fixed in bone cement. The
mean pull-out stress was 1.01 MPa for the activated samples and 1.53 MPa
for the polymerized samples. These results clearly show that after 48 h the
effect of plasma activation is already significantly diminished, while the
pull-out stress of the plasma polymerized samples has not changed. As
the components of a shoulder prosthesis are often stored for a relatively
long time, the plasma polymerization treatment is thus preferred.
4.3.3 Cell tests
Cell adhesion and proliferation tests are often used to assess the viability
of cells on a surface. In the case of this study, cell tests give important
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Figure 4.4: Percentage of viable attached cells for plasma activated
UHMWPE compared to a control culture. Plasma activation was per-
formed with different gases (helium, air, N2 and argon)
information about the effect of plasma treatment on the adhesion and
proliferation of osteoblast and fibroblast cells on UHMWPE. The first
step of the cell tests consists in testing the adhesion of different cell lines,
in order to determine a good cell line to proceed to cell proliferation tests.
Therefore, four different cell lines (MC3T3, MG63, HFF and ATMSC) are
cultured on plasma activated samples for 24 hours. After these 24 hours,
the samples are subjected to an MTS-assay and a live/dead staining. The
results from the MTS-assay are represented in Figure 4.4. From the figure,
it is clear that in general the MC3T3 cell line gives the best adhesion
results with the percentage of viable attached cells ranging from 68 % to
78 %. In addition, there is little to no difference between the other 3 cell
lines. Finally, the figure also shows that the plasma treatments seem to
have no positive effect on cell adhesion after a culture time of 24 h. As
MC3T3 cell lines are known to adapt easily to the characteristics of an
underlying substrate and show a good adhesion to the UHMWPE, these
cells are used to perform proliferation tests for both plasma activated and
plasma polymerized UHMWPE samples.
Cell proliferation tests asses the ability of, in this case, osteoblast cells to
adhere, grow and multiply on a substrate. Research shows that multiple
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Figure 4.5: Results of an MTS assay of MC3T3 cells after a culture
time of 7 days for untreated, plasma activated and plasma polymerized
UHMWPE substrates.
factors influence the proliferation of cells on a substrate [116–119]. These
factors include surface chemistry, topography and wettability. It is clear
that each cell type has its own optimal surface with a specific surface
roughness, wettability, etc. to adhere to. For the MC3T3 cell line spe-
cific, little research on cell proliferation has been performed in the past.
However, Nakagawa et al. [120] have found a positive correlation between
the oxygen/carbon-ratio of the surface chemistry and the proliferation of
MC3T3 cells. For this study, tests are performed by culturing MC3T3
cells on plasma treated UHMWPE samples. After 7 days, an MTS assay
and a life/dead staining are performed. The results of the MTS assay are
represented in Figure 4.5. Ar, He and air plasma activation clearly result
in an increased cell proliferation, while N2 plasma activation and plasma
polymerization of MMA seem to have no statistically significant effect on
cell proliferation. There seems to be no statistically significant difference
between the Ar, He and air plasma activated samples, although the oxygen
concentration is lower for He plasma activated samples. A possible expla-
nation for this phenomenon might be the presence of nitrogen-containing
species. Research in literature shows that the presence of oxidized ni-
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Figure 4.6: Fluorescence images of MC3T3 cells after a culture time of
7 days on N2 plasma activated (upper left), Ar plasma activated (up-
per middle), He plasma activated (upper right), air plasma activated
(lower left), plasma polymerized (lower middle) and untreated (lower
right) UHMWPE substrates. Green indicates living cells, red indicates
dead cells.
trogen (NO2, etc.) can have a negative effect on cell proliferation [117].
However, the fluorescence images in Figure 4.6 show that the number of
cells is much higher for all plasma treated samples than for untreated
samples, clearly showing the beneficial effect of plasma modification on
cell proliferation. The fact that this positive plasma treatment effect is
not so obvious in Figure 4.5 can be attributed to a low sensitivity of the
MTS assay for this specific cell type. Nonetheless, it is clear that plasma
treatment has a positive effect on MC3T3 proliferation. For plasma acti-
vation, this can be attributed to the incorporation of oxygen in the surface
and the resulting increase in surface wettability. For plasma polymeriza-
tion, the improvement in cell proliferation can be attributed to the major
change in surface chemistry due to the formation of a PPMMA-coating
containing a significant amount of oxygen.
Next to the number of cells, also cell morphology is an important feature
as it shows if cells are truly attached to a surface. When cells have a round
shape, they are not attached to the surface. On the other hand, when cells
are attached to the surface they will have a more elongated or triangular
shape. Figure 4.6 show fluorescence images after live/dead staining of the
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different plasma treated samples after a culture time of 7 days. Not only is
it clear that plasma treated samples have a much higher number of cells on
their surfaces, the morphology of the cells has also significantly improved
after plasma treatment. The fluorescence images of the plasma treated
samples clearly show that cells have a more triangular shape, proving that
these cells are attached to the sample surface. It can be stated that the
used plasma treatments not only improve proliferation of MC3T3 cells on
the substrate, but also cell morphology and consequent cell adhesion are
significantly enhanced.
4.4 Conclusion
The goal of this study is to use both plasma activation and atmospheric
pressure plasma polymerization to enhance the surface characteristics of
UHMWPE in order to improve its performance in shoulder prostheses.
This study therefore focuses on two important biomedical aspects: (i)
UHMWPE adhesion to bone cement and (ii) osteoblast cell adhesion and
proliferation. The results of this chapter show that plasma activating an
UHMWPE substrate or plasma polymerizing MMA onto an UHMWPE
substrate results in the incorporation of oxygen containing functionali-
ties and a subsequent increase in wettability. In turn, this results in a
significant enhancement of the adhesion between UHMWPE and bone ce-
ment. Storage of plasma treated samples for 48h in ambient conditions
before fixation in bone cement showed that the effect of plasma activation
diminishes over time. This is an important feature towards the applica-
tion of a shoulder prosthesis as these components are often stored for a
long time before being implanted. On the other hand, plasma polymer-
ized thin films are not prone to ageing effects. Additionally, adhesion
and proliferation of osteoblast cells on the surface is also increased after
plasma activation and plasma polymerization. As both techniques are
non-invasive, the excellent mechanical bulk properties can be preserved.
Due to the increased adhesion to bone cement and the increased cell pro-
liferation and adhesion, it can thus be concluded that plasma activation
and atmospheric pressure plasma polymerization are potentially excellent
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5.1 Introduction
Chapter 5 is focused on the conversion of the plasma activation of UHMWPE
in a DBD-reactor at low pressure to an APPJ. This would allow more flex-
ibility to the process and would eliminate the need for expensive vacuum
equipment. In a first step, the APPJ is used to test if similar results to-
wards osteoblast viability and adhesion to bone cement can be obtained.
In a second step, the nucleation and growth of a calcium phosphate (CaP)
layer on plasma activated UHMWPE is investigated as a measure for the
bioactivity of the material.
5.2 Atmospheric pressure plasma jet setup
A schematic representation of the used atmospheric pressure plasma jet is
displayed in Figure 5.1. The device is made out of a quartz capillary with
an inner diameter of 1.3 mm and an outer diameter of 3.0 mm and two
electrodes. The needle electrode within the capillary is made of tungsten
and is connected to a high voltage source (f = 23 kHz). Outside the
capillary, there is a copper ring electrode with a height of 10 mm. The
inter-electrode distance is fixed at 35 mm, while the distance between the
center of the copper ring and the edge of the capillary is set at 20 mm. The
nozzle-to-sample distance is fixed at 20 mm. An Ar flow, controlled by a
Bronkhorst R© EL-flow controller, going through the capillary is used as
discharge gas. Depending on the experiments, the gas feed during plasma
activation is set at 0.75 slm or 2 slm while making use of a discharge power
of 2.62 W and 1.60 W respectively. The plasma jet device is connected
to a CNC portal milling machine (PF 600 P from BZT), which allows
scanning the jet over the sample surface. The plasma jet moving velocity
is set at either 50, 150 or 450 mm/min and repetitions range between
1 and 45. The resulting treatment time is calculated by dividing the
diameter of the plasma afterglow by the jet velocity and multiplying this
with the amount of repetitions. The created energy density is determined
by multiplying the treatment time with the used discharge power, divided
by the cross sectional area of the jet. The plasma jet is programmed
to scan the complete sample area using WINPC-NC software. As the
plasma afterglow has a diameter of around 1 mm, the samples for surface
characterization are scanned in 12 steps of 1 mm in the y-direction over a
length of 22 mm in the x-direction. This is done to make sure the complete
area is treated. In a similar way, the samples for the CaP deposition are
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Figure 5.1: Schematic representation of the atmospheric pressure plasma
jet configuration.
scanned in 12 steps of 1 mm in the y-direction over a length of 12 mm in
the x-direction. The samples for the cell tests are scanned in 17 steps of
1 mm in the y-direction over a length of 17 mm in the x-direction. For the
samples for the pull-out tests, every face of the cuboid shape is plasma
treated and scanned analogously to the other samples, i.e. in such a way
that the plasma jet surpassed every sample edge by 1 mm.
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5.3 Results and Discussion
5.3.1 Surface Characterization
Water contact angle
Figure 5.2 shows the results of the WCA measurements as a function
of treatment time for different jet speeds and a fixed discharge power of
1.6 W. The WCA of untreated UHMWPE is 87◦ and decreases exponen-
tially with increasing plasma treatment time for each of the 3 plasma jet
velocities, until a plateau value of approximately 47◦ is reached. This
plateau value is similar to a previously obtained value (49◦) after Ar
plasma treatment in a DBD-reactor at 5.0 kPa [104]. However, the en-
ergy density needed to obtain this plateau value in the DBD-reactor was
reported as 1.34 J/cm2 while the energy density needed with the plasma
jet is calculated to be 564.14 J/cm2. This difference in energy density can
probably be explained by the manner of plasma exposure. In a DBD-
reactor, the sample is in direct contact with the active plasma zone, while
in the case of a plasma jet the sample is exposed indirectly to plasma
as only the plasma afterglow reaches the surface. The decrease in WCA
with treatment time can be attributed to the incorporation of oxygen-
containing functional groups into the sample’s surface due to the treat-
ment. This will be discussed in detail in the next section. Additionally,
the results also show that the jet speed has no significant effect on the
WCA, as using the same treatment time (by changing the number of repe-
titions) results in similar WCA values. For the same treatment time, using
a higher jet speed with a high number of repetitions will therefore result
in the same WCA value as using a lower jet speed with a low number of
repetitions.
Based on these results, some specific plasma operational conditions were
chosen to further investigate the plasma induced effects on the surface
chemistry, cell proliferation, adhesion to bone cement and CaP deposition.
The chosen conditions are represented in Table 5.1 with their respective
WCA values. Three different saturation conditions (S1 to S3) are first
chosen to investigate whether the jet velocity has any effect at all. Con-
dition B is a sample exposed to the plasma for a very short treatment
time and is chosen to see the difference between saturated samples and
samples that show a small treatment effect. Condition F is a combination
of process parameters that is not represented in Figure 5.2. The goal here
is to see if an even more pronounced plasma treatment effect (high energy
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Figure 5.2: Water contact angle values as a function of treatment time
for different jet velocities.
density resulting in a very low WCA value) has an influence on the results
of the different tests. These parameters are based on previously obtained
results [121].

















(S1) 450 2 1.60 564.14
47.1±0.7
Saturation 2
(S2) 150 2 1.60 564.14
46.0±1.1
Saturation 3
(S3) 50 2 1.60 564.14
47.3±1.0
Condition B 450 2 1.60 42.19 72.6±1.0
Condition F 50 0.75 2.60 916.73 25.2±2.2
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XPS-analysis
The chemical composition of samples treated with the different process
conditions are analyzed using XPS and compared with untreated samples.
The results are presented in Table 5.2. The untreated UHMWPE samples
did not contain any oxygen, however after plasma treatment the oxygen
concentration is considerably increased. This explains the decrease in
contact angle, as the incorporation of oxygen leads to a more hydrophilic
surface. Conditions S1, S2 and S3 lead to a similar O/C-ratio of 0.43,
showing that the jet velocity has no influence on the overall incorporated
oxygen concentration. Using a lower treatment time (condition B) leads
to a lower O/C-ratio. Although the WCA for condition F was significantly
lower than for the other conditions, the measured O/C-ratio is similar to
conditions S1, S2 and S3. This discrepancy can most likely be explained by
the depth of analysis in the two techniques. WCA measurements analyze
approximately the top 1 nm of the surface, while XPS analysis depends on
the used take-off angle relative to the sample surface, which is 45◦ in this
case and which results in an analyzing depth of approximately 10 nm. This
seems to indicate that the oxygen concentration is not homogeneous over
these 10 nm and that there probably is a gradual decrease of the oxygen
content from the surface into the sample. Comparing these results to
the O/C-ratio (0.27) obtained at medium pressure [104], it is clear that
condition B leads to similar results while the saturation conditions lead
to significantly higher oxygen concentrations, which could not be reached
making use of the medium pressure DBD.
Table 5.2: O/C-ratio and relative percentage of carbon-containing func-










S1 0.43±0.03 63.2±2.4 14.2±3.2 10.0±2.1 12.6±1.2
S2 0.41±0.03 62.3±4.9 17.2±5.8 8.0±1.5 12.5±1.0
S3 0.40±0.02 65.9±6.4 18.5±7.8 6.4±1.6 9.1±1.2
B 0.26±0.03 72.6±3.1 14.0±3.5 8.4±0.9 5.0±0.6
F 0.42±0.02 62.0±3.7 20.5±5.4 8.0±2.2 9.5±0.8
To investigate the chemical groups present on the treated samples, curve
fitting of detailed C1s peaks is performed. Based on literature, the ob-
tained C1s envelopes can be decomposed into 4 distinct components: a
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peak at 285.0 eV corresponding to C−C/C−H bonds, a peak at 286.5 eV
attributed to C−O bonds present in alcohols and esters, a peak at 287.6 eV
due to C−O bonds in aldehydes and ketones and a peak at 288.9 eV cor-
responding to O−C−O bonds in carboxylic acids and esters [109]. The
results in Table 5.2 show that in terms of the type of incorporated oxygen-
containing functional groups, the jet velocity does have an effect. Increas-
ing the jet velocity seems to lead to higher carbonyl and carboxyl con-
centrations and a lower amount of C−O functionalities. This corresponds
with other results found in literature [67]. Carton et al. hypothesized
that the lower retention of carboxyls and carbonyls at lower jet veloc-
ities might be due to heating of the surface, which causes some of the
carboxylic groups to be converted into CO2 or other volatile compounds.
Table 5.2 also reveals that condition B leads to a lower amount of oxygen-
containing functionalities, especially less carboxylic moieties. The rela-
tive percentages of oxygen-containing functional groups for condition F
are quite similar to condition S3, showing that increasing the discharge
power (i.e. energy density) does not have a significant effect on the way
oxygen is incorporated into the surface.
AFM-analysis
The surface morphology is also researched using AFM and the acquired
root-mean-squared surface roughness (Rq) values for the different condi-
tions are presented in Table 5.3. No significant plasma induced effect on
the surface roughness is found for all examined conditions, as the root
mean square values for the treated samples are in the same order as for
the untreated UHMWPE (Rq = 139 ± 8 nm). This corresponds to lit-
erature as it has already been reported that Ar plasma enhances radical
reactions and restrains electron and ion etching effects [122].
Table 5.3: Surface roughness values for the different treatment conditions.
Rq (nm)
S1 145 ± 22
S2 142 ± 34
S3 140 ± 27
B 124 ± 19
F 133 ± 27
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5.3.2 Surface characterization after ageing
Water contact angle
Figure 5.3 shows the evolution of the WCA as a function of storage time
after plasma treatment. It is clear that for most samples the ageing effect
stabilizes after 7 days of storage in ambient air. As ageing results in a loss
of the treatment effect, the remaining treatment efficiency R (%) can be
calculated using the following equation [123]:
R = 100 · θageing − θuntreated
θsat − θuntreated
(5.1)
where θsat is the saturation value of the WCA after plasma treatment,
θageing is the value after 7 days of storage and θuntreated is the WCA
value of the untreated material, which is equal to 87◦ in this case. These
calculated R values are presented in Table 5.4. As could be deduced
from the WCA results, samples treated with condition B show little to
no ageing and keep most of their plasma treatment effect as an R value
equal to 96 % is found in this case. After 7 days in ambient air, the
remaining treatment effect for condition F is lower (80 %). For the S1,
S2 and S3 conditions, this remaining treatment effect is even lower and
drops to 77 %, 76 % and 73 % respectively. Overall, the preservation of
the treatment effect is much more pronounced after treatment with the
plasma jet than with a medium pressure DBD-reactor, where R values
of only 50 % were found [112], which is an additional advantage of the
APPJ.
Table 5.4: Percentage of remaining surface modification R, O/C-ratio and
relative percentage of carbon-containing functional groups present on the












S1 77 0.27±0.01 73.1±0.2 11.9±0.2 8.2±0.3 6.9±0.4
S2 76 0.23±0.03 72.6±0.5 12.7±0.1 8.1±0.1 6.7±0.5
S3 73 0.23±0.02 74.1±0.8 12.0±0.5 7.5±0.4 6.4±0.5
B 96 0.12±0.02 79.4±0.8 12.4±0.4 5.9±0.5 2.3±0.1
F 80 0.23±0.04 73.3±0.4 11.7±0.1 7.6±0.4 7.5±0.3
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Figure 5.3: WCA values as a function of storage time after plasma treat-
ment.
XPS-analysis
Table 5.4 shows the influence of the ageing effect on the chemical com-
position of the plasma activated samples after storage for 7 days. For
all conditions, a significant decrease (40 to 50%) of the O/C-ratio is ob-
served, which correlates with the increasing WCA values. Comparing the
percentages of the different carbon-containing functional groups immedi-
ately after treatment and after a storage time of 7 days shows that the
amount of C−C/C−H bonds has increased and the percentage of C−O
and O−C−O bonds has decreased for all conditions, while the amount of
C−O bonds has remained more or less the same. These XPS results thus
indicate a reordering of the functional groups during the ageing process
and can be attributed to the tendency of a surface to restore its original
surface energy [124].
5.3.3 Adhesion tests
In order to assess the effect of the plasma treatment on the adhesion
between MMA-based bone cement and UHMWPE, samples are fixed in
bone cement and subsequently pulled out by a universal testing machine.
The force that is needed to remove the UHMWPE samples out of the
bone cement can be used as a measure for the adhesion between the two
components. Figure 5.4 shows the results of the pull-out tests depict-
ing the pull-out stress for different samples. It is clear that all plasma
treatment conditions lead to a significantly improved adhesion between
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Figure 5.4: Pull-out stress for different process conditions.
UHMWPE and bone cement. Even condition B, which caused a rela-
tively minimal surface modification, results in a statistically significant
difference (p < 0.05) in pull-out stress. This increase in adhesion can be
correlated with the increase in oxygen concentration on the sample’s sur-
face. More oxygen-containing functional groups result in more interaction
with the functional groups present in the bone cement and therefore lead
to a stronger adhesion. This can be seen in the difference between samples
treated with condition B and the other conditions (p <0.01), as all the
other conditions result in a significantly higher oxygen concentration and
as a result a significantly higher pull-out stress.
Additionally, the type of oxygen functionality also seems to have an ef-
fect on the pull-out stress as there is a statistically significant difference
between the samples S1 and S3 but no significant difference in O/C-ratio.
The XPS-results in Table 5.2 however revealed that the S1 samples have a
higher concentration of carboxyls. As the bone cement is based on MMA,
it will contain a significant amount of ester functionalities. Therefore, the
more carboxylic functionalities are present on the treated samples, the
stronger the Van der Waals interactions and subsequently the stronger
the adhesion between the two components will be. Hence, based on these
results it can be concluded that plasma activation of UHMWPE with an
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APPJ results in a better adhesion between bone cement and UHMWPE,
and that it is beneficial to use higher jet velocities during plasma acti-
vation as it leads to the incorporation of a higher amount of carboxylic
groups.
5.3.4 Cell tests
Cell tests can be used to assess the viability of cells on a surface for differ-
ent treatment conditions. Research has shown that multiple factors such
as surface chemistry, topography and wettability influence the prolifera-
tion of cells on a substrate [116–120, 125]. Earlier results have already
showed that DBD-plasma treatment can significantly improve the prolif-
eration of MC3T3 osteoblast cells on UHMWPE substrates [126]. Figure
5.5 shows the percentage of viable attached MC3T3 cells for different
treatment conditions compared to a positive control culture for a culture
time of 1 day and 7 days. These MTS assay results seem to indicate that
(i) the S1 and S3 conditions lead to a significantly higher MC3T3 pro-
liferation compared to the untreated sample 7 days after culturing and
(ii) the F and B conditions lead to a similar MC3T3 proliferation as the
untreated sample 7 days after culturing.
However, the fluorescence images depicted in Figure 5.6 show that there
is a significant difference in MC3T3 proliferation between the untreated
sample on the one hand and all plasma treated samples on the other hand.
Additionally, there seems to be no large differences in MC3T3 proliferation
amongst the different treatment conditions. The discrepancy between the
fluorescence images and the results of the MTS assay can most likely be
attributed to the low sensitivity of the MTS assay for this specific cell
type. In this work, it can thus be stated that the conducted plasma
treatments have a clear and significant effect on osteoblast cell viability,
which can be attributed to the incorporation of oxygen in the surface and
the subsequent change in surface wettability [116–120, 126]. Furthermore,
the fluorescence images shown in Figure 5.6 demonstrate a difference in
cell morphology between untreated and plasma treated samples. While
most of the cells on the treated samples have an elongated or triangular
shape, which indicates attachment to the surface, the untreated samples
contain considerably more cells with a round shape, which means these
cells are not well attached to the surface. Therefore, it can be stated that
plasma treatment not only improves MC3T3 proliferation, it also greatly
enhances cell morphology and consequently cell adhesion on UHMWPE
samples.
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Figure 5.5: Percentage of viable attached MC3T3 cells for different con-
ditions compared to a positive control culture for a culture time of 1 day
and 7 days.
Figure 5.6: Fluorescence images of MC3T3 cells for different conditions
after a culture time of 7 days. Upper row: Untreated (left), condition S1
(middle), condition S3 (right). Lower row: condition F (left), condition
B (right).
5.3.5 Calcium phosphate deposition
The bioactivity of an uncemented sample can be examined by immers-
ing it in SBF and studying the CaP formation on its surface. Figure
5.7 shows the FTIR-spectra of treated (condition S1) and untreated sam-
80
ACTIVATION OF UHMWPE USING AN ATMOSPHERIC
PRESSURE PLASMA JET
ples after immersion in 2.0 SBF for 14 days. It is clear that there is no
significant difference between both spectra and therefore no difference in
chemical composition of the CaP layer deposited on both sample types.
The absorption bands at 560 cm-1, 600 cm-1 and around 1050 cm-1 show
the presence of PO 3–4 groups [127]. The absorption band from 2600 cm
-1
to 3600 cm-1 can be attributed to absorbed H2O [128]. The absorption
bands at 875 cm-1, 1420 cm-1, 1450 cm-1 and 1650 cm-1 arise due to the
presence of CO 2–3 groups, which substitute the phosphate ions [128, 129].
It can therefore be concluded that B-type apatite is formed on both the
untreated and plasma treated samples [128]. Although there is no ap-
parent difference in chemical composition, there is a significant difference
in the homogeneity of the CaP layer on the different samples. As can
be seen in the micrograph shown in Figure 5.8, the CaP deposition does
not cover the entire surface for both samples but is limited to different
‘islands’. On untreated UHMWPE however the deposition is localized
near the edges of the sample, while on the plasma treated sample the
islands are distributed homogeneously over the entire surface. The ho-
mogeneity of the CaP deposition on the plasma treated sample can be
explained by the activation energy barrier that must be exceeded for nu-
cleation to occur [130]. The homogeneous formation of functional groups
such as −COOH and −COH on the surface due to the plasma treatment
results in a decrease of the activation energy as the surface is saturated
with nucleation sites. As such, a more homogeneous CaP deposition can
be obtained on the plasma treated sample. The SEM-images shown in
Figure 5.9 and Figure 5.10 confirm the formation of the CaP-islands and
the obtained deposition seems to have a cauliflower shape with leaf-like
shaped crystals for both samples. Additionally, SEM-images of plasma
treated and untreated samples immersed in SBF have been taken on a
weekly basis to examine the growth of the CaP layer on the surface. Fig-
ure 5.11 and Figure 5.12 show these SEM-images with a low magnification
(x40) for treated (condition S1) and untreated samples, respectively. For
the treated samples, the first weeks show a clear nucleation of the CaP
layer with the formation of the aforementioned ’islands’. Week by week
the number of islands seems to increase until the islands connect and a
complete layer (week 6) is formed. For the untreated samples, it is again
clear that in the first weeks the number of nucleation sites is lower than
for the treated samples. Additionally, the SEM-image at week 2 indicates
again that the nucleation is not homogeneously distributed over the entire
surface as almost no CaP islands are seen on this image. Again, week by
week the number of nucleation islands increases. However, looking at the
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SEM-images of week 6 and 7, the formed CaP layer has a very irregular
form that does not completely cover the surface. At week 7, it even ap-
pears as if the CaP layer is detaching from the substrate’s surface. The
plasma treatment does therefore not only enhance the nucleation of a CaP
layer on UHMWPE samples, it also enables the CaP layer to completely
cover and stay attached to the coating.
Figure 5.7: FTIR-spectra of the CaP-layer on plasma treated (S1) and
untreated samples after immersion in 2.0 SBF for 14 days.
Figure 5.8: Micrograph of the CaP deposition on untreated (left) and
plasma treated (S1, right) samples.
82
ACTIVATION OF UHMWPE USING AN ATMOSPHERIC
PRESSURE PLASMA JET
Figure 5.9: SEM images of plasma treated samples (condition S1) for
x40 (upper left), x250 (upper right), x4000 (lower left) and x15000 (lower
right) magnifications.
Figure 5.10: SEM images of untreated samples for x40 (upper left), x250
(upper right), x4000 (lower left) and x15000 (lower right) magnifications.
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Figure 5.11: SEM images of plasma treated samples (condition S1) for
different SBF incubation times.
Figure 5.12: SEM images of untreated samples for different SBF incuba-
tion times.
5.4 Conclusion
The results of this chapter show a promising step towards the use of an
Ar APPJ for the surface modification of UHMWPE used in the glenoid
component of shoulder implants. XPS analysis confirms the incorporation
of oxygen into the surface and shows that increasing the jet velocity leads
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to higher carbonyl and carboxyl concentrations. As a result of this oxy-
gen incorporation, the surface wettability also strongly increases. AFM
analysis shows that the use of an Ar APPJ has no significant effect on the
surface roughness. Pull-out tests reveal that the induced surface modifi-
cations significantly increase the adhesion between UHMWPE substrates
and PMMA-based bone cement. Additionally, the pull-out stress depends
on the concentration of carbonyl and carboxyl groups incorporated on
the substrate’s surface: a higher carbonyl and carboxyl group content
results in higher adhesion forces between the substrate and the bone ce-
ment. MTS cell proliferation assays and fluorescence images also confirm
the enhancement of osteoblast viability and morphology on uncemented
UHMWPE substrates due to the plasma induced oxygen incorporation.
Finally, analysis of the CaP formation after immersion of UHMWPE in 2.0
SBF shows that the bioactivity of the substrate is significantly enhanced
as the homogeneity of the CaP deposition is improved due to the forma-
tion of functional groups on the surface. It can therefore be concluded
that atmospheric pressure plasma treatment of UHMWPE may assist in
resolving the problem of the loosening of both cemented and uncemented
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6.1 Introduction
Chapter 6 is focused on the translation of the plasma polymerization of
methyl methacrylate in a DBD-reactor to an APPJ in order to obtain
a more flexible process that has no need for expensive vacuum equip-
ment. This conversion is not trivial, as the process has to change from
direct plasma polymerization to remote or indirect plasma polymeriza-
tion. Literature shows two frequently recurring designs for APPJs used
for plasma polymerization: (i) the precursor is injected into the working
gas flow before it enters the APPJ, or (ii) the precursor is injected into
the afterglow of the plasma. Both designs come with their own advan-
tages and disadvantages. The former design ensures that the monomer
molecules are fragmented inside the actual plasma, while in the latter de-
sign the monomer will be fragmented by the afterglow, which typically
contains less energy than the actual plasma. On the other hand, injecting
the precursor into the working gas before it enters the APPJ can lead to
the deposition of a thin film inside the APPJ, which in turn can lead to
blockage of the device. As PMMA is known to be a quite viscous and
sticky substance, the choice is made to design a jet where the precursor is
injected into the afterglow of the plasma. This chapter shows results ob-
tained by performing static polymerization of MMA using a self-designed
APPJ and their dependence on the design, as a first step. These results
are then used as a basis for the dynamic/scanning APPJ polymerization
of MMA on UHMWPE substrates, in order to obtain a coating that can
improve the performance of a shoulder implant.
6.2 Atmospheric pressure plasma design for
polymerization
Several APPJ designs were constructed and subsequently tested for the
plasma polymerization of MMA. After some initial testing, the choice is
made to continue the research with a APPJ design that is based on the
APPJ design used for plasma activation (see Chapter 5). A schematic
representation of the setup is given in Figure 6.1.
The set-up consists of an extended PVC housing that contains a quartz
capillary with an inner diameter of 1.3 mm and an outer diameter of
3.0 mm, a tungsten needle electrode and a copper ring electrode with
a height of 10 mm. The needle electrode is located inside the capillary
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Figure 6.1: Schematic representation of the APPJ setup for plasma poly-
merization.
and is connected to a 23 kHz AC high voltage source, while the ring elec-
trode is placed around the capillary and connected to the earth. The
inter-electrode distance is fixed at 35 mm, while the distance between the
center of the copper ring and the end of the capillary is set at 20 mm. The
distance between the lower end of the capillary and the lower end of the
PVC housing is also fixed at 10 mm. At the bottom, the opening in the
PVC housing has a diameter that is slightly larger than the diameter of
the capillary namely 3.1 mm. The nozzle-to-sample distances mentioned
in this manuscript are measured between the bottom end of the polyvinyl
chloride (PVC) housing and the substrate, as is shown in Figure 6.1. An
Ar flow, controlled by a Bronkhorst R©EL-flow controller, is used as work-
ing gas to generate the plasma in the quartz capillary and also as carrier
gas through a glass bubbler containing liquid MMA to bring evaporated
monomer into the plasma afterglow. The inlet is situated at the end of
the quartz capillary and is oriented perpendicular to the plasma gas flow.
The working gas flow rate F1 is kept constant at 1.5 slm, while the car-
rier gas flow rate F2 through the glass bubbler ranges between 250 and
750 sccm. The treatment time ranges from 1 min to 5 min, the nozzle-to-
sample distance is set at either 5 mm or 7.5 mm, and the discharge power
is fixed at either 1 W, 1.5 W or 2 W.
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In a first step of the research, the position of the jet is fixed during the
deposition of the thin films. The deposited coatings are subjected to
FTIR-analysis in order to determine what chemical groups are present
on the coatings. Figure 6.2 shows the FTIR-spectra of the deposited
coatings for a treatment time of 1 min to 5 min while the nozzle-to-sample
distance is set at 5 mm, the discharge power at 1.5 W and F2 at 250 sccm.
The top spectrum in the graph represents the coating after a treatment
time of 1 min, while the bottom spectrum represents the coating after a
treatment time of 5 min. In the spectra, peaks from both the UHMWPE
substrate and the plasma polymerized MMA (PPMMA) coating can be
distinguished. The peaks at a wavelength of 2920 cm−1, 2850 cm−1 and
1465 cm−1 represent the presence of −CH2− bonds, which can be mainly
attributed to the UHMWPE substrate as these peaks are very pronounced
at a deposition time of only 1 min. In this case, only a very thin PPMMA
coating is deposited on the UHMWPE sample and the FTIR spectrometer
mainly analyzes the underlying substrate. At a deposition time of 1 min,
some small peaks that can only be attributed to the PPMMA coating can
also be observed. The peak at 1740 cm−1 can be assigned to C−O bonds in
esters, while the broad peaks between 1340 cm−1 to 1020 cm−1 are due to
the presence of different types of C−O bonds [110, 131]. With increasing
deposition time, the above mentioned peaks become more pronounced and
some additional peaks become also visible. At 1380 cm−1, a small peak
appears, which can be assigned to the presence of α-methyl vibrations in
−C−CH3 bonds. Additionally, a peak at 950 cm−1 arises, which is known
to be a characteristic absorption peak of PMMA [110]. The FTIR-spectra
depicted in Figure 6.2 thus clearly show that a PMMA-like coating is
deposited on the UHMWPE substrates with the applied plasma jet. From
Figure 6.2, it can also be clearly observed that increasing treatment time
results in a higher intensity of the peaks belonging to the PPMMA-coating
and a lower intensity of the UHMWPE-peaks, which can be attributed to
an increase in thickness of the plasma polymer with increasing treatment
time.
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Figure 6.2: FTIR-spectra of the deposited PPMMA-coatings for a nozzle-
to-sample distance of 5 mm, a discharge power of 1.5 W and a carrier gas
flow rate of 250 sccm.
Figure 6.3 and Figure 6.4 show the FTIR-spectra for different carrier
gas flow rates (and thus different MMA concentrations) and different dis-
charge powers, respectively. From these spectra, it can be concluded that
both parameters have no significant influence on the functional groups
present in the deposited coatings as exactly the same peaks are visible in
all depicted FTIR-spectra. However, there does seem to be an influence
on the relative intensity of the peaks corresponding to the UHMWPE
substrate and the peaks corresponding to the PPMMA. This can again
be attributed to a change in thickness of the plasma polymer. The results
shown in this work thus suggest that the deposition rate of the coating
depends on both carrier gas flow rate and discharge power, as was also
already observed for plasma polymerization experiments conducted in a
classic plate-to-plate DBD reactor [15]. For these DBD reactors, the de-
pendence of the deposition rate on the so-called Yasuda-factor, which is
a factor describing how much energy is supplied per monomer molecule,
is well known [132, 133].
The FTIR-spectra have also been analyzed for 2 different nozzle-to-sample
distances (5 and 7.5 mm) and the results are shown in Figure 6.5. From
this figure, it can be concluded that a change in nozzle-to-sample dis-
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Figure 6.3: FTIR-spectra of deposited PPMMA-coatings for a nozzle-to-
sample distance of 5 mm, a discharge power of 1.5 W, a treatment time of
5 min and different carrier gas flow rates.
Figure 6.4: FTIR-spectra of deposited PPMMA-coatings for a nozzle-to-
sample distance of 5 mm, a carrier gas flow rate of 250 sccm, a treatment
time of 5 min and different discharge powers.
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Figure 6.5: FTIR-spectra of deposited PPMMA-coatings for a discharge
power of 1.5 W, a carrier gas flow rate of 250 sccm, a treatment time of
5 min and different nozzle-to-sample distances.
tance does not have a significant effect on the coating’s functional groups
but does influence the thickness of the coating and as a result also the
corresponding relative intensity of the FTIR-peaks. Indeed, Figure 6.5
reveals that when the substrate is placed further away from the plasma
jet outlet, the relative intensity of the peaks associated with PPMMA
strongly decreases, which can be explained by the fact that when the sub-
strate is placed further away from the plasma jet outlet, the deposited
coating will become much thinner. It can therefore be stated that in case
of plasma polymerization with a jet (in contrast to a plate-to-plate DBD
reactor), the nozzle-to-sample distance is an extra factor that influences
the deposition rate.
XPS-analysis
For each sample, measurements on 5 equidistant points situated on a line
going through the center of the deposited area are performed. The line is
aligned with the direction of the carrier gas flow, while the central point
is located in the center of the sample and the distance between the points
is fixed at 2.5 mm. A schematic representation of the exact location of
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Figure 6.6: Schematic view of the positions of each XPS-measurement.
For each sample, 5 equidistant points are chosen to perform XPS-
measurements. The central point is aligned with the center of the sample
and the distance between the points is fixed at 2.5 mm. Additionally, the
line on which the points are measured is aligned with the direction of the
carrier gas flow.
each XPS measuring point can be found in Figure 6.6.
By using XPS to perform survey scans, the O/C-ratio can be analyzed
at these 5 equidistant positions. Figure 6.7 shows the O/C-ratio as a
function of the position on the sample for a discharge power of 1.5 W,
a carrier gas flow rate of 250 sccm, a nozzle-to sample distance of 5 mm
and different treatment times. The results show that after a treatment
time of 1 min the O/C-ratio is the highest in the center of the sample
(position 3) but at the same time also significantly decreases towards the
edges of the sample. This decrease in O/C-ratio is also not symmetrically
as the O/C-ratio in position 1 is considerably lower than the O/C-ratio
obtained at position 5. Increasing the treatment time to 3 min results in
a slightly more homogeneous O/C-ratio over the sample, however, mainly
at position 1 a significantly lower O/C-ratio is still found. Nevertheless,
when increasing the deposition time to 5 min, a constant O/C-ratio of
approximately 0.6 is observed on all examined sample positions. These
results thus indicate that the coating’s chemistry initially shows a strong
radial gradient at low deposition times but becomes more homogeneous
at longer treatment times. A similar influence of deposition time on ho-
mogeneity of the coating chemistry is also seen when the discharge power
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Figure 6.7: O/C-ratio of the deposited PPMMA-coating on equidistant
positions on the sample for a discharge power of 1.5 W, a carrier gas
flow rate of 250 sccm, a nozzle-to-sample distance of 5 mm and different
treatment times. The distance between the positions is fixed at 2.5 mm,
while position 3 is aligned with the center of the substrate.
is changed to 1 W or 2 W (results not shown here).
However, some changes in the O/C-ratio pattern seem to arise when the
carrier gas flow rate is increased, as can be seen in Figure 6.8. After
increasing the carrier gas flow rate to 750 sccm, the O/C-ratio at the
outer positions of the samples is lower than at the center, even at longer
plasma treatment times. It seems that the homogeneous deposition area
in terms of chemical constitution becomes narrower along the direction
of the carrier gas flow as only the O/C-ratios at points 2, 3 and 4 have
a similar value. In other words, for a higher carrier gas flow rate, the
radial gradient in the coating’s chemistry does not disappear when the
treatment time is increased, which seems to indicate a change in the gas
flow pattern of the plasma afterglow, which will indeed be revealed further
in this work.
Table 6.1 shows the O/C-ratio at the center of the sample after a deposi-
tion time of 5 min for different discharge powers and different carrier gas
flow rates. Table 6.1 clearly reveals that for all investigated samples the
O/C-ratios range between 0.58 and 0.68, which is significantly higher than
the theoretically expected O/C-ratio of PMMA (0.38). The top layers
of the deposited PPMMA coatings thus contain significantly more oxy-
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Figure 6.8: O/C-ratio of the deposited PPMMA-coating on equidistant
positions on the sample for a discharge power of 1.5 W, a carrier gas
flow rate of 750 sccm, a nozzle-to-sample distance of 5 mm and different
treatment times. The distance between the positions is fixed at 2.5 mm,
while position 3 is aligned with the center of the substrate.
gen than conventionally polymerized PMMA. Additionally, O/C-values
of PPMMA-coatings found in literature are considerably lower and range
between 0.17 and 0.39 [104, 110]. Table 6.1 also shows that there is no
significant influence of the discharge power on the amount of oxygen in-
corporated in the top layers of the coating, which is in contrast to results
obtained with classical plate-to-plate DBD reactors. With these plasma
sources, a decrease in O/C-ratio with increasing discharge power is typi-
cally obtained, however, it must be stated that in this case typically much
higher discharge powers are being used [70, 134]. Using a carrier gas flow
rate of 500 sccm results in the highest O/C-ratio for each investigated dis-
charge power, which shows that the combination of fragmenting monomer
molecules and incorporating oxygen in the coating’s top layers is the most
favorable for this carrier gas flow rate.
Performing a curve fit of the obtained high resolution C1s peaks (not
shown in this work) allows identifying the different carbon-containing
functional groups, i.e. how the carbon and oxygen are bonded together.
The binding energies used for this fitting procedure are based on litera-
ture and are as follows: 285.0 eV for the C−C/C−H bond, 285.6 eV for the
C−C−O bond, 286.7 eV for the C−O bond and 288.9 eV for the O−C−O
bond [110, 15]. Table 6.1 lists the results for measurements at the cen-
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Table 6.1: O/C-ratio and relative concentration of carbon-containing
functional groups at the center of the sample, after a deposition time














1 250 0.64 21.60 20.43 30.90 27.08
500 0.65 23.60 17.31 30.87 28.21
750 0.58 24.65 16.18 35.94 23.23
1.5 250 0.59 25.02 26.86 24.34 23.78
500 0.66 25.14 17.76 29.27 27.83
750 0.63 25.53 19.48 29.03 25.96
2 250 0.63 22.33 23.81 26.46 27.39
500 0.68 21.74 20.75 27.84 29.67
750 0.61 22.76 25.62 25.31 26.31
ter of the samples after a deposition time of 5 min for different discharge
powers and carrier gas flow rates. Initially, there seems to be no obvi-
ous trend in the type of oxygen-containing functional groups. However,
further research revealed that there is a strong positive correlation (R2
≈ 0.92 ) between the measured O/C-ratio and the concentration of the
O−C−O bond. It can therefore be concluded that when the coating’s sur-
face contains more oxygen, this oxygen is mostly incorporated as O−C−O
functional groups.
AFM-imaging
To obtain more information on the coating morphology, AFM imaging of
the PPMMA-deposits has also been performed and the results are rep-
resented in Figure 6.9. This figure shows the change in coating surface
morphology as a function of treatment time and position on the sample
for PPMMA-coatings deposited with a discharge power of 1.5 W, a carrier
gas flow rate of 250 sccm and a nozzle-to-sample distance of 5 mm. After
1 min of deposition, the underlying high roughness of the UHMWPE sub-
strate is still apparent at 5 mm from the center, while in the center of the
sample and at 2.5 mm from the center, the rough substrate morphology
changes to a smoother surface suggesting an increase in coating thickness
with decreasing distance from the center. After a deposition time of 3 min,
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Figure 6.9: AFM images of the deposited PPMMA-coating for a discharge
power of 1.5 W, a nozzle-to-sample distance of 5 mm, a carrier gas flow
rate of 250 sccm, for different treatment times and different positions on
the samples.
the morphology of the underlying UHMWPE substrate is no longer visible
in the center and at 2.5 mm from the center and the surface appears to
be very smooth due to the deposition of a considerably thick coating. At
5 mm from the center of the sample, the underlying substrate morphology
can however still be distinguished suggesting that the coating thickness
at this location is less. These AFM results thus clearly indicate that not
only the surface chemistry (as shown in the previous section) but also the
coating thickness, and the resulting surface morphology, shows a radial
gradient. After a treatment time of 5 min, the coating morphology looks
similar and very smooth at all positions on the sample, as the underlying
substrate’s morphology can no longer be distinguished and the sample
is completely covered by a thick PPMMA-coating. Similar AFM images
are obtained when different combinations of experimental parameters are
chosen.
Coating thickness
In order to measure the coating thickness with OPS, the plasma polymer-
ization experiments are performed on silicon wafers instead of UHMWPE
samples as explained in the experimental section. Figure 6.10 shows the
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Figure 6.10: Coating thickness as a function of deposition time for differ-
ent carrier gas flow rates and for a discharge power of 1.5 W at the center
of the sample (A) and at 5 mm from the center (B).
thickness values obtained at the center of the sample and at 5 mm from
the center as a function of deposition time and for different carrier gas
flow rates. The results show that the coating thickness increases with
increasing treatment time in the center of the sample for all carrier gas
flow rates. However, the increase seems to be more pronounced for gas
flow rates of 250 and 500 sccm. Increasing the carrier gas flow rate at
exposure times ≥ 3 min decreases the deposition rate, which seems to
be contradictory. However, when the carrier gas flow rate is increased
while maintaining the discharge power, a higher monomer concentration
is present at the same power level resulting into a decrease in available
fragmentation energy per monomer molecule, thereby leading to a lower
deposition rate. The change in coating thickness with deposition time and
carrier gas flow rate also correlates very well with the observed changes in
relative FTIR peak intensities and the observed changes in surface mor-
phology. At 5 mm from the center of the sample, the coating thickness
is reduced by more than half compared to the thickness at the center of
the sample (see Figure 6.10), which is in excellent agreement with the
AFM images depicted in Figure 6.9. Additionally, the deposition rate is
also much lower for higher monomer-carrying gas flow rates even for short
exposure times, which can again be attributed to the lower available frag-
mentation energy per monomer molecule. These results thus show that in
terms of coating thickness, the radial gradient remains apparent even for
longer treatment times, which is not the case for the coating’s chemical
composition.
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6.3.2 CFD modeling of the APPJ design
CFD modeling using COMSOL software is performed to assess the in-
fluence of the sideways carrier gas flow rate on the flow pattern in the
afterglow of the plasma jet, which can in turn help to explain the ob-
served radial gradients in surface chemistry and coating thickness. The
constructed model for the gas flow in the plasma jet device is represented
in Figure 6.11A, while the simulation results for a carrier gas flow rate of
250 sccm, 500 sccm and 750 sccm are shown in Figure 6.11B, Figure 6.11C
and Figure 6.11D respectively. In these latter figures, a bottom view of
the plasma gas velocity in the geometry taken from Figure 6.11A is shown.
The direction of these images is represented by the corresponding axes in
the figures. As it is a bottom view of the geometry in Figure 6.11A, the
images should be seen as a projection of the entire geometry into the XY-
plane. Therefore, the sideways carrier gas inlet and the exit of the PVC
housing will appear to be in the same plane, even though they have a
different Z-position in the 3D geometry. In other words, Figures 6.11B-D
represent the plasma gas velocity as it exits the PVC housing and also
show the gas velocity in the sideways carrier gas inlet.
These images show that for a low carrier gas flow rate, the gas flow pattern
of the afterglow has a circular shape and the gas velocity is the highest at
the center and radially declines with increasing distance from the center.
However, upon increasing the carrier gas flow rate, the gas flow pattern
changes to a more elliptical shape and consequently has a higher radial
gradient in direction of the sideways inlet compared to the direction per-
pendicular to the sideways inlet. As has been previously seen in literature,
gas velocity simulations typically correlate well with the deposition pat-
tern of plasma polymers [71], which is also the case in this work. Indeed,
visual inspection of the deposited PPMMA-coatings on silicon wafers show
that there is a remarkably accurate similarity between the simulated gas
flow patterns and the coating pattern. These gas flow pattern results can
also be linked to the previously described coating surface characterization
results. The radial deposition pattern was already clearly visible in the
AFM images where thinner coatings were observed with increasing dis-
tance from the center. Additionally, in the XPS-results, it was seen that
for low carrier gas flow rates, the initial radial gradient in the O/C-ratio
disappears for longer treatment times, while the gradient remains appar-
ent for higher carrier gas flow rates. This observation can be explained by
the change from a circular to an elliptical shape of the gas flow pattern
with increasing carrier gas flow rate. Apparently, the narrowing of the gas
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Figure 6.11: CFD-model of the used plasma jet (A) and resulting gas
velocities (m/s) and corresponding gas flow patterns of the plasma jet
afterglow for a carrier gas flow rate of 250 sccm (B), 500 sccm (C) and
750 sccm (D). The inlet direction of the monomer carrying gas flow is
indicated with an arrow.
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flow pattern in the direction of the carrier gas flow results in a narrower
region where the O/C-ratio is homogeneous. It can thus be stated that
the carrier gas flow rate not only has a significant effect on the coating
thickness but also on the chemical composition of the deposited plasma
polymer. Additionally, these simulations can also partly explain the very
low deposition rates at 5 mm from the center, which were particularly
found for higher carrier gas flow rates. As these thickness values are ob-
tained on a circle that is centered on the center of the substrate with a
radius of 5 mm, they represent an average value of the coating’s thickness
at 5 mm from the center. The simulations show that for higher carrier gas
flow rates, the gas flow pattern changes to an elliptical shape, causing an
elliptical deposition pattern and therefore a less homogeneous thickness
and lower average thickness at 5 mm from the center.
6.3.3 Conclusion
Static atmospheric pressure plasma jet polymerization of MMA is per-
formed on UHMWPE substrates using an in-house designed plasma jet.
The effect of different process parameters, such as discharge power, deposi-
tion time, monomer-carrying gas flow rate and nozzle-to-sample distance,
is investigated using several characterization techniques. FTIR-analysis
confirms the deposition of a PMMA-like coating and indicates that the
used range of process parameter values has no significant influence on the
coating’s chemistry in the center of the samples (the location directly be-
low the plasma jet afterglow). There is, however, a noticeable effect in
coating chemical composition as a function of distance from the center
of the sample, which is confirmed by XPS results. XPS-analysis indeed
indicates the presence of a radial gradient in oxygen concentration of the
coating’s surface for all carrier gas flow rates and short treatment times.
For higher treatment times, this gradient disappears for low carrier gas
flow rates but remains distinguishable for higher carrier gas flow rates.
CFD-simulations show that this discrepancy can be linked to changing
gas flow patterns in the plasma afterglow, as the pattern changes from a
circular shape to an elliptical shape, which is narrower in the direction
of the carrier gas flow. Additionally, the XPS-results show that there
is a strong positive correlation between the O/C-ratio and the carboxyl
concentration on the coating’s surface. AFM-images at different positions
on the samples demonstrate that the deposition pattern of the plasma
polymer also has a radial gradient as the surface morphology is signifi-
cantly different in the center of the sample compared to the edges of the
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substrate, especially for shorter deposition times. Finally, OPS-analysis of
the coating’s thickness shows that there is an increase in coating thickness
with increasing deposition time in the center of the sample. Increasing the
monomer-carrying gas flow rate at fixed discharge power, and therefore
the monomer concentration in the plasma afterglow, results in a lower
deposition rate, which can be attributed to the decrease in the available
fragmentation energy per monomer molecule. At 5 mm from the center,
the deposition rate is significantly lower, which can also be explained by
the available fragmentation energy per molecule but also by the observed
afterglow flow patterns in the CFD-simulations. In conclusion, this study
thus gives important insights into the plasma polymerization of MMA
with an APPJ and shows the influence of different process parameters
on the plasma afterglow flow patterns and the characteristics of the de-
posited plasma polymers. With these insights, the characteristics of the
deposited PPMMA-coating can be tuned towards what is necessary for
specific biomedical applications.
6.4 Scanning deposition of a PPMMA coat-
ing towards improved prosthesis adhe-
sion: results and discussion
6.4.1 Process parameters
In a second step of the polymerization research, the APPJ is used to
scan over an UHMWPE substrate while depositing a PPMMA coating in
order to treat the complete surface of the material. Compared to static
deposition, the scanning velocity and the number of passes over the surface
are extra parameters to consider and optimize. After determining the
effect of the different parameters based on the surface characterization
results, a selection of parameters is made to use for cell tests and pull-out
tests. Based on the results of section 6.3, the decision is made to start
this second step in the research by investigating the following range of
relevant process parameters:
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Table 6.2: Process parameters for the scanning deposition of a PPMMA
coating
Parameter Range
Treatment time 3.6 - 21.6 s
Work gas flow rate F1 0.5 - 2 slm
Carrier gas flow rate F2 50 - 200 sccm
Discharge power 3.2 - 3.7 W
Jet velocity 50 or 500 mm/min
Nozzle-to-sample distance 5 mm
6.4.2 Surface characterization
FTIR-analysis
Figure 6.12 shows the FTIR-spectra of the deposited coatings for an Ar
flow rate of 0.5 slm, a carrier gas flow rate of 150 sccm, a jet velocity
of 500 mm/min and different treatment times, which are obtained by in-
creasing the number of passes over the surface. The peaks that can be
distinguished from the FTIR spectra are identical to those seen in sec-
tion 6.3.1. It can be observed that increasing the treatment time does
not change the chemical nature of the deposited coating but does increase
the intensity of the peaks attributed to the PPMMA-coating relative to
the peaks attributed to the UHMWPE substrate. This will later be cor-
related with a change in thickness of the coating. Figure 6.13 shows the
FTIR-spectra when the jet velocity is lowered to 50 nm/min. The same
increase in PMMA-peak intensity can be distinguished with increasing
treatment time. There is no apparent difference in the FTIR-spectra due
to the change in jet velocity.
Thickness measurements by means of AFM
The coating thickness is determined by depositing the coating on a glass
substrate and scratching a line in the coating, locally removing it and
unveiling the glass surface. AFM is subsequently used to measure the
height difference between the coating and the glass. Figure 6.14 shows the
layer thickness as a function of treatment time for different jet velocities.
There seems to be a linear correlation between the treatment time and
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Figure 6.12: FTIR spectra of PPMMA coatings for Ar flow rate of 0.5 slm,
MMA flow rate of 150 sccm, jet velocity of 500 mm/min and different
treatment times.
Figure 6.13: FTIR spectra of PPMMA coatings for Ar flow rate of 0.5 slm,
MMA flow rate of 150 sccm, jet velocity of 50 mm/min and different treat-
ment times.
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Figure 6.14: PPMMA layer thickness as a function of treatment time for
an Ar flow rate of 1 slm, an carrier gas flow rate of 150 sccm and different
jet velocities.
the layer thickness, which is similar behavior to what is observed in a
DBD-reactor [104] and which explains the FTIR-spectra in section 6.4.2.
Reducing the jet velocity from 500 mm/min to 50 mm/min and lowering
the amount of passes to keep the treatment time constant seems to lead
to an increase in deposition rate from 6.71 nm/s to 18.33 nm/s, which
can probably be attributed to the fact that when the jet moves slower,
it is located in one place for a longer continuous time. As there is more
time, more initiation sites can be formed, leading to a higher PPMMA
deposition rates.
Similarly, the effect of the Ar flow rate F1 and the working gas flow rate
F2 on the deposition rate is determined. The results are shown in Ta-
ble 6.3 and Table 6.4 respectively. Initially, increasing the Ar flow rate
from 0.5 slm to 1 slm results in a decrease of the deposition rate from
15.3 nm/s to 6.7 nm/s, however upon increasing the Ar flow rate up to
2 slm the deposition rate increases to 34.8 nm/s. These results again show
that the flow pattern of the plasma will influence the characteristics of
the obtained coating. The observed relation between the Ar flow rate
and the deposition rate is hypothesized to be due to a combination of the
effect of the Ar flow rate on the length of the plasma afterglow and on its
diameter. Research in literature has shown that the length of the after-
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Table 6.3: Deposition rate of the PPMMA coating as a function of working
gas flow F1, for an carrier gas flow rate of 150 sccm and a jet velocity of
500 mm/min.





Table 6.4: Deposition rate of the PPMMA coating as a function of carrier
gas flow F2, an Ar flow rate of 1 slm, a jet velocity of 500 mm/min.





glow is influenced by the Ar flow rate in a non-linear manner [121]. If the
Ar flow rate is increased in a range that allows a laminar flow inside the
APPJ, then the length of the afterglow will increase with increasing the
flow rate. However, if the Ar flow rate is increased to a value that induces
a turbulent flow inside the APPJ, the length of the afterglow will decrease
with increasing flow rate. Additionally, increasing the flow rate can in-
crease the diameter of the afterglow, leading to a larger deposition area
for a static APPJ or a longer local treatment time for a scanning APPJ.
Table 6.4 shows that the deposition rate increases upon increasing the car-
rier gas flow rate F2. When F2 equals 50 sccm, the deposition rate is only
0.7 nm/s and the thickness therefore does not change significantly in the
used treatment time range. Apparently, there is an equilibrium between
deposition of the coating and etching of the coating by the plasma. As
the deposition rate increases for higher carrier gas flow rates, the results
seem to indicate that there is abundant energy left in the plasma after-
glow to allow fragmentation of the monomer molecules and deposition of
the plasma polymer even for higher monomer concentrations.
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Table 6.5: Comparison of the WCA and the O/C-ratio of the PPMMA
coatings obtained with an APPJ and in a DBD reactor with the WCA of
untreated UHMWPE and commercial PMMA.
WCA(◦) O/C
Untreated UHMWPE 95 /
Commercial PMMA 68 0.40
PPMMA DBD reactor 79 0.20− 0.25
PPMMA APPJ 20− 40 0.50− 0.70
WCA goniometry
WCA goniometry gives an indication of the wettability or hydrophilicity
of a surface. This is done by depositing a water droplet on the surface and
measuring the angle between the droplet and the surface. For each sample
3 water droplets are deposited at different positions. All obtained contact
angles range between 20◦ and 40◦, which is significantly lower than the
WCA of untreated UHMWPE samples, given in Table 6.5. This is due to
the oxygen containing functional groups in the PPMMA coating. More
oxygen containing functional groups make the surface more polar, thereby
increasing the amount of intermolecular forces regarding other materials,
resulting in a decreasing WCA and thus an enhancement of the surface
wettability. Table 6.5 also gives the contact angle for commercial PMMA,
which is much higher than the WCA for PPMMA, indicating a higher
oxygen concentration in the latter. This supports the fact that plasma
polymers differ from their conventional alternative. When comparing the
WCA of PPMMA deposited with an APPJ and the WCA of PPMMA
coatings obtained with a DBD reactor (see Chapter 4), the latter has a
much higher value for the contact angle. For plasma polymerization of
MMA with a DBD reactor, the WCA reach a saturation value of 79◦,
which seems to point again to a higher oxygen concentration in the PP-
MMA coating obtained with a plasma jet and which is probably due to
the presence of oxygen in the APPJ. Additionally, as the discharge power
in the DBD is one order of magnitude higher than in the APPJ, there
will be a higher fragmentation of the monomer molecules, which can also
contribute to the higher oxygen concentration that is obtained with the
APPJ.
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XPS analysis
Survey spectra are used to determine the elemental composition of the de-
posited PPMMA film on 4 points per sample. Figure 6.15 shows the O/C-
ratio as a function of treatment time for an Ar flow rate of 1 slm, a carrier
gas flow rate of 150 sccm and different jet velocities. For a treatment time
of 3.6 s, the O/C-ratio is 0.56 ± 0.01 for a jet velocity of 500 mm/min
and 0.52 ± 0.02 for a jet velocity of 50 mm/min. For treatment times
longer than 3.6 s, the O/C-ratio seems to increase and stabilizes around
0.67±0.02 and 0.63±0.03 for a jet velocity of 500 mm/min and 50 mm/min
respectively. This indicates that, after a certain (short) treatment time,
the elemental composition of the PPMMA coating remains relatively sta-
ble during the treatment. Comparing the O/C-ratio of the PPMMA coat-
ing obtained with the APPJ and with the DBD reactor, it is clear that
the former contains a significantly higher oxygen concentration, which is
even higher than the oxygen concentration of commercial PMMA. This
difference can again be explained by the presence of O2 in the APPJ as
the treatment is performed in open air. On the other hand, the higher
discharge power used in the DBD can also contribute to this difference as
it leads to stronger fragmentation of the monomer molecules and therefore
more cross-linking and less remaining oxygen in the coating. As can be
seen in Figure 6.16 and Figure 6.17, the Ar flow rate F1 and the carrier
Figure 6.15: O/C-ratio as a function of treatment time for an Ar flow rate
of 1 slm, an carrier gas flow rate of 150 sccm and different jet velocities.
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Figure 6.16: O/C-ratio as a function of Ar flow rate F1 for a treatment
time of 21.6 s, a carrier gas flow rate of 150 sccm and different jet velocities.
Figure 6.17: O/C-ratio as a function of carrier gas flow rate F2 for a
treatment time of 21.6 s, an Ar flow rate of 1 slm and different jet velocities.
gas flow rate F2 have little to no influence on the coating’s elemental com-
position. In general, an O/C-ratio between 0.6 and 0.7 can be obtained,
which is similar to the O/C-ratio values that were obtained during static
plasma polymerization of MMA (see section 6.3.1).
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Table 6.6: Percentage of the carbon containing functional groups present
in the PPMMA coating for an Ar flow rate of 1 slm, a carrier gas flow rate















3.6 38.1±2.8 6.0± 3.4 33.4±0.9 22.5±1.0
7.2 31.0±2.7 11.9±3.8 27.9±0.6 29.2±0.8
10.8 32.9±4.7 9.5± 4.1 27.3±0.9 30.3±1.2
14.4 31.4±3.0 10.5±6.1 28.8±3.1 29.4±0.9
18.0 28.6±5.0 13.4±7.8 28.9±4.3 29.1±1.8
21.6 33.5±4.4 9.5± 1.4 28.2±1.4 28.9±2.2
500
3.6 35.8±2.7 8.3± 4.0 30.4±1.3 25.4±1.2
7.2 31.7±1.0 7.9± 1.0 31.0±1.0 29.4±0.5
10.8 32.3±4.8 6.4± 5.5 33.4±7.2 27.9±3.6
14.4 29.9±2.2 8.1± 1.7 31.2±1.1 30.8±0.5
18.0 31.1±1.7 6.4± 5.5 32.1±5.9 30.5±1.4
21.6 31.1±6.5 9.3± 1.4 30.0±4.1 29.7±1.6
High resolution recordings of the C1s peaks are used to determine the car-
bon containing functional groups that are present in the PPMMA coat-
ing. The recorded C1s peak can be deconvoluted into individual peaks
that correspond with the same functional groups as mentioned in the
XPS-results of the static plasma polymerization of MMA (section 6.3.1).
Table 6.6 shows the percentages of the different carbon containing func-
tional groups in the coating or an Ar flow rate of 1 slm, a carrier gas flow
rate of 150 sccm, different treatment times and different jet velocities. A
similar behavior to the O/C-ratio is observed, as the percentages of oxy-
gen containing functional groups are lowest for a treatment time of 3.6 s,
subsequently increase for a treatment time of 7.2 s and then remain rela-
tively stable if the treatment time is increased further. Changing the jet
velocity seems to have no clear effect on the different percentages. The
PPMMA coatings obtained with a DBD reactor (Chapter 4) have one
order of magnitude less oxygen containing functional groups. Comparing
these results to commercial PMMA, it is again obvious that there is a
significant chemical difference between conventional polymers and plasma
polymers as the percentages of the oxygen containing functional groups in
POLYMERIZATION OF METHYL METHACRYLATE USING AN
ATMOSPHERIC PRESSURE PLASMA JET 111
commercial PMMA should theoretically be around 13.7 %. As the amount
of C-C bonds is relatively low and the amount of oxygen containing func-
tionalities relatively high in the case of APPJ polymerization, it can be
hypothesized that the respective plasma polymer consists of short polymer
chains that have a high amount of functionalities and a low cross-linking
degree. In turn, this could have a negative effect on its stability in water.
As the results in Chapter 5 have shown that there is a correlation between
the percentage of O−C−O bonds and the adhesion between the treated
UHMWPE and the bone cement, the remainder of this section will fo-
cus on the percentage of O−C−O bonds in the coating. Figure 6.18 and
Figure 6.19 show the influence of the Ar flow rate F1 and the carrier gas
flow rate F2 on the O−C−O percentage, respectively. Although the in-
fluence of the Ar flow rate seems to be relatively small, a maximum of
30.06 ± 0.9 % at 1.5 slm is reached. In terms of carrier gas flow rate, i.e.
monomer concentration, the O−C−O percentage seems to decline with in-
creasing flow rate. At higher monomer concentrations, the plasma energy
per monomer molecule diminishes, therefore lowering the fragmentation
of the monomer, which will thus keep more of its original chemical compo-
sition. Lowering the monomer flow rate to 50 sccm results in a maximum
O−C−O percentage of around 33.8 %.
Figure 6.18: O−C−O percentage as a function of Ar flow rate F1 for a
treatment time of 21.6 s, a carrier gas flow rate of 150 sccm and different
jet velocities.
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Figure 6.19: O−C−O percentage as a function of carrier gas flow rate F2
for a treatment time of 21.6 s, an Ar flow rate of 1 slm and different jet
velocities.
Selection of process parameters
Based on the surface characterization results, a selection of certain con-
ditions, which consist of a specific combination of process parameters, for
the deposition of the PPMMA coating is made. The selected conditions
are represented in Table 6.7 with their respective process parameter values
and their corresponding O−C−O percentage and WCA. For the remain-
der of this chapter, the jet velocity is fixed at 500 mm/min. Before each
plasma polymerization process, a plasma activation step is performed by
passing twice over the sample’s surface with the APPJ, using an Ar flow
of 1 slm.
Table 6.7: Process parameters of the selected conditions with their re-











Condition 6A 3.6 1.0 150 25.4±1.2 31.0±1.3
Condition 6B 7.2 1.0 150 29.4±0.5 26.4±0.3
Condition 6C 21.6 1.0 150 29.7±1.6 28.8±2.4
Condition 6D 7.2 0.5 150 27.0±1.4 35.8±0.6
Condition 6E 7.2 1.0 100 33.6±3.0 34.3±1.5
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6.4.3 Cell tests
In order to assess the cell viability on the plasma polymerized UHMWPE,
MC3T3 osteoblast cells were seeded onto the samples. After 7 days, an
MTS assay is performed to quantify the osteoblast proliferation. Figure
6.20 shows the results of the assay for the different process conditions to-
gether with their respective WCA. It is clear that all plasma polymerized
samples result in a significantly enhanced osteoblast proliferation after 7
days compared to untreated UHMWPE. This can again be attributed to
the presence of the oxygen containing functional groups on the surface of
the samples, which provide connection sites for the cells. Although the
MTS assay is known for its low sensitivity, differences in cell viability are
observed between the different conditions. As can be seen in the graph,
these differences seem to follow the trend of their respective WCA. In
literature, it has been stated that the wettability of a surface has a big
influence on the viability of cells that adhere [117–119]. Each cell line
has its own optimal wettability that leads to optimal viability. Several
studies investigated that osteoblast cells adhere better on surfaces with
moderate wettability (WCA around 60◦) than onto more hydrophobic or
hydrophilic surfaces [135, 136]. Therefore, although the absolute differ-
Figure 6.20: Percentage of viable attached MC3T3 cells and WCA val-
ues for different polymerization conditions compared to a positive control
culture for a culture time of 7 days.
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ences in WCA between the different conditions are small, they can explain
the differences in observed MC3T3 viability. The significant difference in
osteoblast proliferation between untreated and plasma polymerized sam-
ples is confirmed by fluorescence imaging of the cells after 7 days. Figure
6.21 shows the obtained fluorescence images for the different conditions.
All plasma polymerized surfaces are almost completely covered with os-
teoblast cells and show little to no dead cells. On the other hand, the
amount of cells on the untreated sample’s surface is clearly significantly
less. Additionally, the fluorescence images with an increased magnification
in Figure 6.22 show that the osteoblasts on the plasma polymerized sam-
ples have a more elongated, triangular shape, indicating that these cells
are well adhered to the surface. The cells on the untreated UHMWPE,
however, seem to have a more rounded shape, indicating that they are
not attached to the surface.
6.4.4 Adhesion tests
The effect of plasma polymerization on the adhesion between UHMWPE
and PMMA bone cement is examined with pull-out tests. For each of
the 5 conditions 10 samples are prepared and fixed in a PMMA bone
cement cylinder. Also 10 untreated samples are cemented. After fixation
of the untreated and treated UHMWPE samples into the PMMA bone
cement, a universal testing machine is used to perform a uniaxial pull-out
test on each sample. During the pull-out tests, the samples are pulled
out of the bone cement cylinder and the required force is normalized over
the contact area between the sample and the bone cement. The resulting
pull-out stress is visualized in Figure 6.23 and is used as a measure for the
adhesion between the UHMWPE and the PMMA bone cement. It is clear
that the pull-out stress for untreated UHMWPE is significantly lower than
for the samples coated with PPMMA. Similar to the plasma activation
results in Chapter 5, the introduction of oxygen containing functional
groups on the material’s surface clearly enhances its adhesion to bone
cement. Moreover, the correlation between the pull-out stress O−C−O
percentages seems to hold true for the plasma polymerized samples, as
the conditions resulting in the highest O−C−O percentages also result
in the highest pull-out stresses. However, there is a significantly larger
standard deviation on the measured pull-out stresses for conditions 6A,
6B, 6C and 6D compared to condition 6E. In order to find an explanation
for this behavior, the samples are again examined with FTIR after being
removed from the bone cement with the pull-out tests.
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Figure 6.21: Fluorescence images (magnification x10) of the live/dead as-
say after a culture time of 7 days for plasma polymerization with pro-
cess parameters of conditions 6A, 6B, 6C, 6D, 6E and for untreated
UHMWPE.
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Figure 6.22: Fluorescence images (magnification x20) of the live/dead as-
say after a culture time of 7 days for plasma polymerization with pro-
cess parameters of conditions 6A, 6B, 6C, 6D, 6E and for untreated
UHMWPE.
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Figure 6.23: Pull-out stress and O−C−O percentage for untreated
UHMWPE sample and different polymerization conditions.
Figure 6.24: FTIR spectrum of plasma polymerized samples of condition
6E after performing pull-out tests.
The obtained FTIR spectrum for condition 6E is represented in Fig-
ure 6.24 and clearly shows that the peaks belonging to the PPMMA
coating are still present. However, the FTIR spectra of conditions 6A,
6B, 6C and 6D do not show these peaks anymore, indicating that the
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coating is no longer attached to the sample’s surface. This may suggest
that the failure of the adhesion, i.e. the moment where the UHMWPE
loosens from the bone cement, occurs at a different interface for condition
E compared to the other conditions. The presence of the PPMMA coating
on samples of condition 6E after the pull-out test might point to failure
of the interface between the coating and the bone cement, while for the
other sets the lack of the PPMMA might point to failure of the interface
between the coating and the UHMWPE substrate. Next to the higher
O-C=O concentration for set 6E, this can be an additional reason for the
higher pull-out stress and the much smaller variation in pull-out stress for
this set of parameters. Additionally, as condition 6E is the only condition
where a lower monomer concentration is used, it seems to be beneficial to
use lower monomer concentrations in order to get a better fixation of the
coating to the substrate.
6.4.5 Conclusion
The second section of this chapter focuses on the scanning deposition of
a PPMMA coating on an UHMWPE substrate to improve its adhesion
to bone cement and the proliferation of osteoblast cells onto the sur-
face. The surface characterization results show that the PPMMA coating
distinctively differs from conventional PMMA as it has a significantly
higher oxygen content and therefore also a lower WCA. Additionally, PP-
MMA coatings obtained with a DBD reactor contain a significantly lower
amount of oxygen and O−C−O bonds compared to the PPMMA coat-
ings obtained in this study. XPS results seem to indicate that the polymer
chain length is relatively short, which could have negative effects on the
coating’s stability in aqueous environments. AFM analysis shows that the
coating’s thickness has a linear correlation with treatment time, similar to
plasma polymerization in a DBD reactor. MTS cell proliferation assays
and fluorescence images confirm the enhancement of osteoblast viability
and morphology on the plasma polymerized UHMWPE substrates. Fi-
nally, pull-out tests reveal an increase in adhesion between PMMA-based
bone cement and the coated samples due to the presence of oxygen con-
taining functional groups in the coating. Higher O−C−O percentages
lead to higher pull-out stresses and therefore stronger adhesion. However,
a relatively high standard deviation in pull-out stress is found for all but
one treatment condition. FTIR analysis of the samples after the pull-out
tests reveals that for the conditions leading to a high standard deviations
in pull-out stress, the coating is no longer attached to the samples. This
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might indicate that for these conditions the adhesion failure occurs at the
interface between the coating and the substrate, while for the conditions
with small standard deviations in pull-out stress the adhesion failure oc-
curs at the interface between the coating and the bone cement. However,
in order to get a more detailed idea of the behavior of the different inter-
faces and their effect on the pull-out stress, more research is needed. In
general, it can be concluded that the scanning deposition of a PPMMA
coating on an UHMWPE substrate improves the surface characteristics
of the material towards its use in shoulder implants.
6.5 Conclusion
The goal of this chapter was to convert the plasma polymerization on
UHMWPE substrates from a DBD reactor to an APPJ in order to en-
hance the surface characteristics of the UHMWPE and consequently to
overcome the glenoid loosening problem in shoulder implants. The con-
version from a reactor to a jet is practically and financially beneficial as it
allows for a higher process flexibility and removes the need for expensive
vacuum equipment. As a first step, a new APPJ design is constructed
and used for the static deposition of a PPMMA thin film. Surface charac-
terization shows that the deposition has a radial gradient. CFD modeling
proves that the monomer carrying gas flow strongly influences the gas flow
pattern in the afterglow of the APPJ and therefore also the radial gradi-
ent of the deposition. As a second step, the APPJ is used to scan over the
surface of the UHMWPE substrates in order to cover it completely with
a PPMMA coating. Based on the results the static deposition, a range of
the relevant process parameters is chosen and investigated. Surface char-
acterization shows that the coating’s characteristics can be controlled by
choosing the appropriate process parameters. Osteoblast fluorescence im-
ages show that the cell viability and morphology is significantly enhanced
on the plasma polymerized UHMWPE substrates, compared to untreated
samples. This is confirmed by MTS cell proliferation assays. Finally, the
adhesion tests prove that the adhesion between a PMMA bone cement and
the plasma polymerized UHMWPE is significantly improved. However,
the research indicates that the interface where adhesion failure occurs has
a strong influence on the adhesion results. More research is needed to get
a more detailed idea. In conclusion, the deposition of a PPMMA coating
on UHMWPE with an APPJ can play a role in overcoming the problem
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7.1 Conclusion
One of the most occurring complications in anatomical TSAs is the loos-
ening of the UHMWPE glenoid component. The main causes are incorrect
placement of the component, which can lead to eccentric loading of the
glenoid and consequently the occurrence of the so-called ’rocking horse’
phenomenon, and insufficient component fixation due to the nature of the
material that is used. As UHMWPE is an inert and non-polar material,
it is difficult to adhesively bind it with bone cement and it has a low affin-
ity for cell adhesion and proliferation. In this PhD thesis, the research
concerning the use of non-thermal plasma technology, more specifically
plasma activation and plasma polymerization of MMA, for the surface
modification of the UHMWPE is discussed. The work focuses on the
characterization of the plasma effect on the surface properties and on
important aspects for shoulder implants such as the adhesion to PMMA
bone cement, osteoblast cell adhesion and proliferation and the bioactiv-
ity of the surface, which is analyzed through CaP deposition.
First, the surface modification is performed in a DBD-reactor vessel. The
plasma activation is performed at medium pressures for different dis-
charge gasses and the plasma polymerization of MMA is performed at
atmospheric pressure. Both techniques show significant enhancement of
the adhesion between medical grade UHMWPE and bone cement due to
incorporation of oxygen-containing functional groups and a subsequent
increase in surface wettability. Additionally, the two techniques signifi-
cantly increased the osteoblast adhesion and proliferation. Plasma acti-
vated samples seem prone to ageing effects, which limits their shelf life.
Secondly, the excellent results obtained in a DBD-reactor are used as a
basis to convert both plasma techniques to an APPJ. This allows for more
process flexibility and removes the need for expensive vacuum equipment.
As for the DBD-reactor, the Ar APPJ plasma activation results in an
increased oxygen concentration on the surface and an improved surface
wettability. Results show that using a higher jet velocity leads to in-
creased carbonyl and carboxyl concentrations. Due to the presence of the
oxygen-containing functional groups, the adhesion to bone cement and the
osteoblast viability and morphology is significantly enhanced. A correla-
tion between the carbonyl and carboxyl concentrations and the adhesion
to bone cement is observed. Analysis of the CaP formation on UHMWPE
after immersion in SBF shows that the APPJ plasma activation enhances
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the bioactivity of the material’s surface.
Third, a new APPJ suitable for the static plasma polymerization of MMA
on UHMWPE substrates is designed and the influence of different pro-
cess parameters is investigated. Surface characterization results shows
that the deposition has a radial gradient in its chemistry and morphology.
Additionally, CFD-simulations show that the monomer carrying gas flow
influences the flow pattern of the afterglow of the APPJ and therefore also
the shape of the static deposition. The results of the static deposition are
subsequently used as a basis for the scanning plasma polymerization of
MMA on UHMWPE to enhance its osteoblast viability and its adhesion
to bone cement. Surface characterization results show that the properties
of the deposited PPMMA coating can be tuned by choosing the appropri-
ate process parameters. Adhesion tests prove that the adhesion between
the PMMA bone cement and the plasma polymerized UHMWPE is sig-
nificantly enhanced. Although the effect is less pronounced as for the
APPJ activation, a correlation between the adhesion and the carboxyl
concentration is observed again. Moreover, the results seem to indicate
that also the interface where adhesion failure occurs plays an important
role. Finally, MC3T3 osteoblast proliferation and morphology is greatly
enhanced for the plasma polymerized UHMWPE compared to untreated
UHMWPE.
As the eventual goal should be to use non-thermal plasma technology for
the surface modification of medical grade UHMWPE used in shoulder
implants, it makes sense to compare the different set-ups (DBD-reactor
vs. APPJ) and the different approaches to perform the surface modifi-
cation (activation vs. polymerization) that were used. The advantages
and disadvantages of a DBD plasma reactor vessel like the one used in
this work are already described extensively in literature. There is a high
control over the composition of the discharge gas that is used to create
the plasma. Additionally, a large range of pressures can be used, as is
shown in this manuscript. However, due to the need of expensive vacuum
equipment, these set-ups reduce the flexibility of the process and increase
the difficulty to convert the process to industry. APPJs, on the other
hand, have a high flexibility as they don’t need vacuum equipment and
they can be used to treat specific parts of a material or implant. However,
as APPJs are open to the surrounding air, there is a limited control over
the composition of the discharge gas.
Plasma activation has the advantage that it is, in general, technically less
challenging to do than plasma polymerization. Although the latter al-
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lows for more control over what functional groups are incorporated into
the surface, its complexity increases strongly when aqueous stability is
desired. Plasma activation on the other hand suffers from an ageing phe-
nomenon, which limits the shelf-time of plasma activated materials. In
this work however, it was shown that the ageing effect after an APPJ
activation is restricted and that a slightly higher oxygen concentration on
the material’s surface already increases the adhesion to bone cement and
the osteoblast proliferation significantly. Therefore, even if ageing occurs,
plasma activated implants might still perform better than untreated ones.
As a general conclusion, it can be stated that non-thermal plasma technol-
ogy can play an important role in resolving the problem of the loosening of
both cemented and uncemented press-fit UHMWPE glenoid components
in shoulder implants.
7.2 Outlook
Although the results in this PhD thesis show that non-thermal plasma ac-
tivation and polymerization are efficient techniques that can help towards
improving the performance of shoulder implants, there are several areas
that can benefit from more research.
For the APPJ activation, it would be interesting to see how the immersion
in a physiological environment affects the ageing of the UHMWPE. More
research should be performed towards the CaP deposition to see if the
obtained results can be improved further and what the mechanism be-
hind this improvement is. For the plasma polymerization, more research
has to be performed towards the water stability of the coating. For this,
it would be interesting to work with higher discharge powers. Once the
coating has reached sufficient stability, it would be interesting to test the
CaP deposition on plasma polymerized samples.
All of the test are performed in vitro and give nice results. However,
research has shown that the conversion to in vivo can result in less pro-
nounced enhancements. Therefore, it would be extremely interesting to
see the research continue towards clinical studies, which could test the
improved adhesion to bone cement in vivo.
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A. Obrusńık, M. Michĺıček, D.V. Shtansky, and L. Zaj́ıčková.
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